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This PhD thesis is devoted to the experimental and simulation studies of surface
acoustic waves (SAWs) in one- and two-dimensional (2D) nanostructured phononic
crystals (PhCs). In particular, the following investigations have been undertaken:
(1) SAWs in a 2D chessboard-patterned PhC of alternating Permalloy and cobalt
square dots on a SiO2/Si substrate. By using Brillouin light scattering, the phononic
band structures have been mapped along the Γ-M and Γ-X symmetry directions.
Numerical simulations, based on the finite element analysis, reveal unusual surface
optical-like modes, which exhibit out-of-phase vibrational characteristics between
neighboring elements in the chessboard array.
(2) Besides the chessboard-patterned PhC (acoustically hard patterned layers
on an acoustically hard substrate) studied in (1), a 2D antidot-patterned PhC with a
soft intervening layer has also been investigated experimentally and numerically. In
addition to the surface optical-like modes, an acoustically isolating feature arising
from the additional soft layer has also been observed and accounted for.
(3) Defect-induced SAWs have been studied in a 1D PhC, in the form of linear
arrays of alternating gold stripes and air gaps on SiO2/Si substrates, where the
periodic defects are gold stripes with non-regular widths. The general features
of the band structures are similar to those of the perfect crystal, with the main
difference being the appearance of nearly dispersionless defect branches within the
bandgap. The defect modes exhibit localization features and are frequency-tunable
by varying the defect stripe size.
viii
Publications
1. C.G. Hou, V.L. Zhang, H.S. Lim, S.C. Ng, M.H. Kuok, J. Deng, and S.J.
Wang, "Band Structures of Surface Acoustic Waves in Nanostructured Phononic
Crystals with Defects", Applied Physics Letters 105, 243104 (2014).
2. C.G. Hou, V.L. Zhang, S.C. Ng, M.H. Kuok, H.S. Lim, X.M. Liu, and A.O.
Adeyeye, "Dispersion and Origin of Surface Optical-like Waves in a Two-
Dimensional Antidot-Patterned Structure with a Soft Intervening Layer", Ap-
plied Physics Letters 104, 093108 (2014).
3. V.L. Zhang, C.G. Hou, H.H. Pan, F.S. Ma, M.H. Kuok, H.S. Lim, S.C. Ng,
M.G. Cottam, M. Jamali, and H. Yang, "Phononic Dispersion of a Two-
Dimensional Chessboard-Patterned Bicomponent Array on a Substrate", Ap-
plied Physics Letters 101, 053102 (2012).
4. C.G. Hou, V.L. Zhang, H.S. Lim, S.C. Ng, M.H. Kuok, "Calculation of Bril-
louin light scattering intensities from isolated particles and phononic crys-
tals", (Manuscripts under preparation) (2015).
Conferences:
1. C.G. Hou, V. L. Zhang, H. S. Lim, S. C. Ng, and M. H. Kuok, "Finite El-
ement Simulations of Surface Acoustic Waves in Nanostructured Phononic
Crystals with Defects", PHONONS 2015: The 15th International Confer-
ence on Phonon Scattering in Condensed Matter(2015). United Kingdom:
University of Nottingham.
2. C.G. Hou, V.L. Zhang, H.H. Pan, H.S. Lim, S.C. Ng, M. H. Kuok, X.M.
Liu, and A.O. Adeyeye, “Brillouin Studies of Phonon Band Structures in
Two-dimensional Hole-patterned Phononic Crystals”. ICMAT 2013: Inter-







List of Figures xv
Abbreviations xxvi
1 Introduction 1
1.1 Review of surface acoustic wave in phononic crystals . . . . . . . 2
1.2 Surface acoustic wave in nanostructured phononic crystals . . . . 3
1.2.1 SAWs in perfect nanostructured PhCs . . . . . . . . . . . 4
1.2.2 SAWs in nanostructured PhCs with defects . . . . . . . . 6
1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.1 Higher-dimensional periodic structures . . . . . . . . . . 8
1.3.2 2D antidot-patterned structure with a soft intervening layer 8
1.3.3 Influence of introduced defects on phonon band structure . 9
1.4 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . 9
Contents
2 Elastic Theory in Solids 11
2.1 Strain and stress . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Elastic stiffness tensor . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Crystal elasticity . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Equation of motion . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5 Surface acoustic wave . . . . . . . . . . . . . . . . . . . . . . . . 20
3 Brillouin light scattering 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Scattering mechanism . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.1 Classical point of view . . . . . . . . . . . . . . . . . . . 26
3.2.2 Quantum point of view . . . . . . . . . . . . . . . . . . . 27
3.3 Scattering geometries . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 Instrumentation and setup for Brillouin light scattering . . . . . . 30
4 Phononic dispersion of a 2D chessboard-patterned bicomponent array
on a substrate 35
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Sample fabrication and BLS measurements . . . . . . . . . . . . 36
4.3 Theoretical calculations . . . . . . . . . . . . . . . . . . . . . . . 39
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5 Phonon Dispersions in a 2D antidot-patterned structure with a soft in-
tervening layer 47
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2 Sample fabrication and BLS measurements . . . . . . . . . . . . 48
5.3 Theoretical calculations . . . . . . . . . . . . . . . . . . . . . . . 50
xii
Contents
5.4 Experimental and calculated dispersion relations of the 210nm crys-
tal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.5 Experimental and calculated dispersion relations of the 320nm crys-
tal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.6 Qualitative explanation of the origin of SOLWs . . . . . . . . . . 58
5.7 Dispersion relations in a rectangular lattice . . . . . . . . . . . . . 64
5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6 Dispersion Relations of SAWs in Nanostructured Phononic Crystals
with Defects 67
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.2 Sample fabrication and BLS measurements . . . . . . . . . . . . 69
6.3 Theoretical calculations . . . . . . . . . . . . . . . . . . . . . . . 71
6.4 Results of the perfect and 380nm-defect PhCs . . . . . . . . . . . 72
6.4.1 Experimental results . . . . . . . . . . . . . . . . . . . . 72
6.4.2 Simulation results and comparisons with experimental ones 74
6.4.3 Origin of the bandgap . . . . . . . . . . . . . . . . . . . 81
6.5 Dependence of phonon frequencies on defect stripe width . . . . . 82
6.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.6.1 Dependence of phonon dispersions on position of defect
stripe . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.6.2 Dependence of phonon dispersions on geometry of defect
cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.6.2.1 Defect cell with fixed stripe width . . . . . . . . 87
6.6.2.2 Defect cell with fixed stripe spacing . . . . . . . 89







2.1 Illustration of the stress components acting on the principal planes 13
2.2 Coordinate system for SAW propagating in a semi-infinite medium. 20
2.3 Displacement profiles of Love (top) and Rayleigh (bottom) waves. 22
3.1 Schematics of (a) Stokes and (b) anti-Stokes scattering processes.
θ is the scattering angle between the incident and scattered light. . 28
3.2 Schematics of scattering geometries in Brillouin scattering exper-
iments, to measure (a) bulk phonons in a transparent medium, (b)
in-plane phonons in a transparent film, (c) out-of-plane phonons in
a transparent film, and (d) surface phonons in an opaque medium. 29
3.3 A schematic of the experiment setup. . . . . . . . . . . . . . . . . 30
3.4 A schematic of the translation stage of the tandem Fabry–Pérot
interferometer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.5 A schematic of tandem optics of the interferometer. The first-,
second-, and third-pass light are colored with red, blue, and green,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.1 SEM image of the Co/Py chessboard sample with square side length
l = 250 nm and the chosen unit cell shown as blue squares of side
a = 250
√
2 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
xv
List of Figures
4.2 (a)Brillouin p-p polarization spectra for wavevector q = 0.8π/a
along Γ-X. (b) Brillouin p-p polarization spectra for q = 0.8π/a
along Γ-M. (c) Brillouin p-s polarization spectra for q = 0.8π/a
along Γ-M. (d-f) Top-view of the simulated displacement profiles
of modes observed in (a), (b), and (c). Longitudinal, shear horizon-
tal, and shear vertical components of displacement fields are noted
as u, v, and w, respectively. . . . . . . . . . . . . . . . . . . . . . 38
4.3 (a) Top-view of the computational unit cell. The lattice constant
a = 250
√
2 nm. (b) Schematic of the primitive cell in reciprocal
space. (c) Diagram of the unit cell used for simulations. (d) Dia-
gram of two unit cells used to illustrate the displacement profiles
in Figure 4.4. Square side length l = 250 nm. . . . . . . . . . . . 40
4.4 (a) Calculated phononic dispersion relations. u-dominated and w-
dominated modes are denoted by pink and green solid lines re-
spectively. (b) Mode displacement profiles shown with their shear-
vertical displacement amplitudes color coded according to the scale
bar in Figure 4.2 (f). . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.5 Experimental and calculated phononic dispersion relations. Mea-
sured p-p and p-s polarization data are denoted by red and green
dots, respectively. u-dominated and w-dominated modes are de-
noted by pink and green solid lines, respectively. The Rayleigh-like
modes and the Sezawa-like modes are labeled by RW and SzW re-
spectively. Surface optical-like wave modes are denoted by Greek
letters. Measured gaps are indicated by green bands (A, B, and C). 43
xvi
List of Figures
4.6 (a, b) Schematics of the unit cells used to calculate the effect of
the Co square size on the widths of gap openings, when Co side
length l is (a) shorter or (b) longer than 500 nm. The red-dotted
box indicates the square with l = 500 nm. (c) Calculated widths
of gap openings as a function of the Co square size. The labels
correspond to the gap openings labeled in Figure 4.5. . . . . . . . 45
5.1 (a) SEM images of the antidot-patterned Permalloy sample with
lattice constant a = 450 nm, dot diameter d = 210 nm. The chosen
unit cell is shown as a blue square. (b) Top-view of the unit cell.
(c) Schematic of the first Brillouin zone. . . . . . . . . . . . . . . 49
5.2 Schematic of the computational unit cell. . . . . . . . . . . . . . 50
5.3 (a) Brillouin p-s and p-p polarization spectra of the 210nm crystal
for wavevector q = 21µm−1(q = 3π/a , at the third BZ bound-
ary) along Γ-X. (b) Brillouin p-s and p-p polarization spectra of
the 210nm crystal for q = 7µm−1 (q = π/a) along Γ-M. The spec-
tra (black dots) were fitted with Lorentzian functions (blue curves),
and the resultant fitted p-s and p-p polarization spectra are shown
as respective green and red solid curves. . . . . . . . . . . . . . . 51
5.4 Calculated band structure of surface phonons on the 210nm phononic
structure. The longitudinal-dominated, shear-horizontal-dominated
and shear-vertical-dominated branches are shown as red, green and
blue curves respectively. . . . . . . . . . . . . . . . . . . . . . . 52
xvii
List of Figures
5.5 Experimental and calculated phononic dispersion relations of the
210nm PhC across various Brillouin zones. Measured p-p and p-
s polarization data are denoted by respective red and green dots,
whose sizes represent measurement errors, while calculated shear-
vertical-dominated SALWs and SOLWs by respective solid and
dashed lines. Measured Bragg gaps are indicated by pink bands.
Insets: Mode displacement profiles shown with their shear-vertical
displacement amplitudes color coded, with the white arrows indi-
cating mode propagation directions. . . . . . . . . . . . . . . . . 53
5.6 (a, e) Schematics of the computational unit cells (a) with and (e)
without the soft intervening layer. (b-d) The corresponding phononic
dispersion relations along Γ-X in the reduced-zone scheme for sam-
ples with BARC layer. (f-h) Those for samples without BARC
layer. The longitudinal-dominated, shear-horizontal-dominated and
shear-vertical-dominated modes are denoted by red, green and blue
dots respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.7 SEM images of the antidot-patterned sample with lattice constant
a = 450 nm, dot diameter d = 320 nm. . . . . . . . . . . . . . . . 58
xviii
List of Figures
5.8 (a) Calculated band structure of surface phonons on the 320nm
phononic structure. The longitudinal-dominated, shear-horizontal-
dominated and shear-vertical-dominated branches are shown as red,
green and blue curves respectively. (b-e) Experimental and calcu-
lated phononic dispersion relations of the 320nm PhC across var-
ious Brillouin zones. Measured p-p and p-s polarization data are
denoted by respective red and green dots, while calculated shear-
vertical-dominated SALWs and SOLWs by respective solid and
dashed lines. Measured Bragg gaps are indicated by pink bands. . 59
5.9 (a) Schematic of the reciprocal space of the square lattice. The
reciprocal lattice is denoted by orange dots. k⃗ is located in the
first BZ (dashed box). Positions of wavevector k⃗′ = k⃗+ G⃗ is de-
noted by cyan dots. (b) Schematic diagram of a SOLW propagating
along Γ-X in reciprocal space. The red arrows represent two modes
propagating along (k′x,±n2π/a), while the blue one their superpo-
sition mode (a SOLW) propagating along the Γ-X direction. (c)
Top-view of simulated shear-vertical displacement profiles, whose
amplitudes are color-coded according to the scale bar of Figure 5.5,
based on simulations and the simple plane wave model. Profiles in
the middle panel represent the superposition mode of those in the
top and bottom panels. White arrows indicate mode propagation
directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
xix
List of Figures
5.10 Schematic diagram of SOLWs and SALWs propagating along Γ-M
in reciprocal space. The red arrows represent two modes propagat-
ing along (kx∓2π/a,kx±2π/a), while the blue one their superpo-
sition mode (a SOLW) propagating along the Γ-M direction. The
reciprocal lattice is denoted by orange dots. Positions of wavevec-
tor k⃗′ = (kx,kx)+ G⃗ is denoted by cyan dots. . . . . . . . . . . . 62
5.11 (a) Simulated SALW and SOLW dispersions. They are denoted
by respective blue solid and dashed lines. The polynomial fit to the
simulated SALW is denoted by the red dotted line. (b) The fitted [as
in Figure 5.11 (a)] and calculated dispersions of SALW along the
Γ (kx,2π/a) direction. The latter (green solid line) is calculated
from the simulated SOLW [Figure 5.11 (a)] using Equation 5.2. . 62
5.12 Simulated SALW and SOLW dispersions of rectangular-lattice (a×
b) arrays of antidots on a BARC/Si substrate, with a = 450 nm and
b = 300, 350, 450, 600, and 900 nm. Inset: Top view of the com-
putational unit cell. The mode propagation directions are parallel
to the side a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.1 (a) Schematic cross-section of one unit cell of the PhCs. (b) Spec-
ifications of Au defect stripe widths in the PhCs. . . . . . . . . . . 70
6.2 (a) SEM image, and (b) perspective view of the perfect phononic
crystal. (c) SEM image, and (d) perspective view of the 380nm-
defect phononic crystal. In the SEM images, the lighter regions
are the gold stripes, while the darker ones are the exposed SiO2
substrate layer. The arrows indicate the direction of the phonon
wavevector q. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
xx
List of Figures
6.3 Schematic of BLS 180◦-backscattering geometry. The wavevec-
tors of the incident photon, scattered photon, and the phonon are
labeled as ki, ks and q, respectively. θ is the light incidence angle
of the incident light. . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.4 Brillouin spectra of the 380nm-defect PhC (red curves) and the
perfect (blue curves) PhCs, recorded at q = 4.2, 6.1, 7.5 and 9.1
µm−1. The locations of defect peaks are indicated by arrows. . . 73
6.5 Brillouin spectra of (a) the perfect PhC and (b) the 380nm-defect
PhC, recorded at wavevector q= 6.1 µm−1 near the first BZ bound-
ary (q= 6.28 µm−1). The spectra were fitted with Lorentzian func-
tions (blue dotted curves) and background (black dotted curves),
and the resultant fitted spectra are shown as red solid curves. The
defect mode peak is shown shaded in blue. . . . . . . . . . . . . . 75
6.6 (a) Phononic band structure of the perfect PhC. (b) Unfolded and
(c) folded band structures of the 380nm-defect PhC. Measured and
calculated phonons are denoted by respective colored (red: ex-
tended branches; green: defect modes) and gray circles, whose
sizes represent measurement errors and BLS intensities, respec-
tively. The red and blue dashed lines represent the respective sim-
ulated Rayleigh wave (RW) and Sezawa wave (SzW) dispersions
for a Au(16.1nm)/SiO2(100nm)/Si film. The vertical dotted lines
mark the first BZ boundary at q= π/a (a = 500 nm), and the calcu-
lated bandgap of the perfect PhC is indicated by a blue band. The
inset shows an enlarged portion of the β ′ branch revealing the tiny
bandgaps, due to defects. . . . . . . . . . . . . . . . . . . . . . . 76
xxi
List of Figures
6.7 Mode displacement profiles, calculated at q = π/a, of SAWs of
(a) extended branches (α , β and γ) of perfect PhC, (b) extended
branches (α ′, β ′ and γ ′) of 380nm-defect PhC, and (c) defect branches,
from low (top panel) to high (bottom panel) frequencies, of 380nm-
defect PhC. The displacement amplitudes are color coded and the
locations of the defect stripes are indicated by arrows. . . . . . . 78
6.8 Phononic band structures of the unit cell shown in the inset of (b),
with h1 ranging from 16.1 to 31.3 nm [from (a) to (e)]. The ver-
tical dotted lines mark the first BZ boundary at q = π/a (a = 500
nm). The insets of (a) show the mode profiles of the two branches,
namely the Rayleigh mode (top) and the Sezawa mode (bottom). . 80
6.9 Dependence of phonon frequencies on defect stripe width. The
dots (green: defect modes; red: extended branches) and the green-
shaded band represent the respective measured and calculated modes
frequencies at the first BZ boundary q= π/a. The red dashed lines
denote the calculated dependence of extended branches. . . . . . . 83
6.10 Calculated band structures of supercells with different defect stripe
widths. The vertical dotted lines mark the first BZ boundary (q =
π/a) of the single unit cell, and the defect modes are shaded in
yellow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.11 (a) Schematic of the defect cell geometry in a supercell. The cen-
ters of the unit cells and Au stripe are indicated by respective green
and red dashed lines. (b-e) Calculated band structures of the super-
cells shown in (a), with dshift= 0, 75, 100, and 125 nm. The defect
modes are shaded in yellow. The vertical dotted lines mark the first
BZ boundary (q = π/a) of the normal unit cell. . . . . . . . . . . 86
xxii
List of Figures
6.12 (a) Schematic of the defect cell geometry in a supercell. The cen-
ters of the unit cell are indicated by green dashed lines. (b-e) Cal-
culated band structures of the supercells shown in (a), with adefect=
500, 600, 700 and 800 nm, respectively. The defect modes are
shaded in yellow. The vertical dotted lines mark the first BZ bound-
ary (q = π/a) of the normal unit cell. . . . . . . . . . . . . . . . 88
6.13 (a) Schematic of the defect cell geometry in the supercells. The
centers of the unit cell are indicated by green dashed lines. (b-
g) Calculated band structures of the supercells shown in (a), with
adefect= 400, 450, 600, 750, 850 and 950 nm, respectively. The de-
fect modes are shaded in yellow. Three defect bands are labeled as
δ1, δ2, and δ3. The vertical dotted lines mark the first BZ boundary







BAW Bulk acoustic wave
BLS Brillouin light scattering
BMLS Brillouin-Mandelstam light scattering
BZ Brillouin zone
IPA isopropyl alcohol








SALW Surface acoustic-like wave
SAW Surface acoustic wave





Phononic crystal (PhC), as an elastic wave equivalent of photonic crystals, which
can control the propagation of electromagnetic waves, is an acoustic metamate-
rial which consists of periodic materials of diverse elastic properties and densities.
Spatial modulations introduced by this periodicity on materials can significantly
modify phonon dispersion relations and even forbid the propagation of phonons in
certain frequency ranges, within the PhC, i.e. lead to the existence of phononic
bandgaps.
By altering its phononic bandgap, the thermal conductivity and electronic prop-
erties of a PhC can be modified. Besides phononic bandgaps, various interesting
dispersive features, such as anomalous dispersion, near-zero group velocity, and
double Dirac cones, have been investigated theoretically and experimentally [1–3].
Compared with photonic crystals, phononic crystals allow for easier miniaturiza-
tion, for a given operating frequency, as phonons have wavelengths several orders
shorter than those of photons .
Because of their special properties, PhCs have enormous potential applications
in areas such as nanoscale microwave devices, acoustic isolators, optical cooling in
solids , optical frequency-conversion devices, filters, waveguides, radio frequency
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(RF) communications, gas sensors, nondestructive testing and medical ultrasound
[4–10].
Phononic crystals can be divided into two classes – bulk acoustic wave (BAW)
PhC and surface acoustic wave (SAW) PhC. In the former, acoustic waves propa-
gate within the material. While, in the latter, phonons are confined in surface re-
gions with amplitude exponentially decaying with depth. As a SAW travels along
the surface of a structure, it is sensitive to the surface physical modulation [11, 12].
SAW PhCs have more practical potential in applications than BAW PhCs due
to their smaller size, and suitability for integration in electronic integrated circuits,
micro-electromechanical-systems, and integrated optic devices [4, 13].
SAWs in PhCs will be introduced briefly in the following section.
1.1 Review of surface acoustic wave in phononic crys-
tals
SAWs were firstly predicted by Lord Rayleigh in 1885 at the free boundary of a
semi-infinite elastic medium [14]. This kind of SAWs, i.e. the Rayleigh wave, was
found to be a linear superposition of a transverse and a longitudinal component.
Stimulated by Rayleigh’s prediction, several other kinds of SAWs were stud-
ied in the following decades. In 1904, surface-guided waves were investigated by
Lamb [15], and in 1911 Love wave, named after A. E. H. Love, was studied [16].
This was followed by the discovery of Sezawa wave in supported plates in 1927
[17].
Before the 1970s, most studies on SAWs were done on flat surface samples,
without periodic structures. With periodic modulation in SAW PhCs, the usual
traction-free boundary conditions on the flat surfaces must now be satisfied across
2
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a periodically modulated (not flat) surfaces. This can lead to the renormalization
of, and the coupling between, the usual flat surface modes. In the 1970s, theoretical
and experimental studies of Rayleigh-like waves in PhCs were performed on one-
dimensional (1D) PhCs with periodic corrugations [18, 19].
In 1971, a significant advancement in the instrumentation for measuring phonon
dispersions was made by Sandercock [20], who introduced a high-contrast interfer-
ometer which enables Brillouin light scattering (BLS) measurements on SAW PhCs
with hundred-nanometer-size periodicity. Thereafter, Brillouin light scattering, the
basic theory of which was developed by Brillouin [21], started to serve as a pow-
erful technique for measuring SAWs in solids, typically up to a frequency of about
150 GHz. In 1992, Dutcher et al. carried out a Brillouin light scattering study
on a silicon surface with gratings of 250 nm period, which is the first nanoscale
SAW PhC [22]. Using the picosecond transient grating method, in 2000, Dhar and
Roger successfully mapped the SAW dispersion in a glass grating [23]. In the past
decades, SAWs have been widely investigated in 1D and 2D PhC [24–35].
A review of recent studies on SAW PhCs will be provided in Section 1.2.
1.2 Surface acoustic wave in nanostructured phononic
crystals
Based on the operating frequency range, PhCs can be divided into three classes:
sonic, ultrasonic and hypersonic crystals. The phonon phase velocity of the com-
monly used materials of PhCs studied ranges from around 102 to 103 m/s. Hy-
personic PhCs, whose operating frequencies are higher than 1 GHz, necessitate
lattice constants smaller than one micrometer. In other words, based on its lattice
constant, a nanostructured PhC is a hypersonic crystal.
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This thesis will focus on SAWs in nanostructured PhCs. Depending on whether
or not crystals have impurities or lattice distortions which break the perfect period-
icity, the PhCs can be classified as either defect or perfect PhCs. In the following
sections, studies on perfect and defect nanostructured PhCs will be reviewed.
1.2.1 SAWs in perfect nanostructured PhCs
In 1992, Dutcher et al. [22] performed Brillouin light scattering measurements
of SAWs in an ion-milled Si grating with a lattice constant of 250 nm. It is the
first BLS study of SAWs in a nanostructured PhC and provided an experimental
evidence of a hybridization gap between a Rayleigh wave and a longitudinal mode.
In 1994, Lee et al. [36] extended the work to a larger period grating with a lattice
constant of 350nm. Additionally, an intensity calculation method developed by
Giovannini et al. [37] was applied and the numerical results agreed well with the
BLS measurements.
In 2000, Dhar et al. [23] investigated 1D grating PhCs with depths compara-
ble with the lattice constants, using a picosecond transient grating photoacoustic
technique. This method provides an alternative to BLS, as an effective way to map
phonon dispersion. Subsequently, quite a few studies have been done on SAWs
in nanostructured PhCs applying BLS or other methods such as pump-probe spec-
troscopy. In 2008, SAWs in a grating of alternating copper/SiO2 stripes on a Si
substrate were studied by Maznev [38] , using a laser-induced transient grating
technique. They observed modes whose frequencies lie above the transverse and
longitudinal threshold, and a hybridization gap arising from the avoided-crossing
of Rayleigh and Sezawa waves. In 2012, Schubert et al. [39] generated SAWs on
Si substrates with alumina stripe transducers, using femtosecond laser pulses with
a wavelength of 790 nm and a pulse length of ~50 fs. They measured the lifetime
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of leaky longitudinal and Rayleigh surface waves in five samples with periodicities
ranging from 100 nm up to 600 nm. In 2014, SAWs on the surface of Si substrate
patterned with periodic grooves were measured by Graczykowski et al. [26] using
Brillouin light scattering. The stripes, whose height is comparable to the acous-
tic wavelength, can confine vibrations within the surface regions between grooves.
Measured along directions normal and parallel to the grooves, phononic dispersion
relations show distinct features along these directions.
Commonly used methods to calculate the band structures include the plane
wave expansion method, the finite element method, and the finite difference time
domain method. In 2009, Maznev et al. [40] applied the plane wave expansion
method to calculate the band structures of SAWs in a supported layer with peri-
odic stripes at the top surface. They discovered a hybridization bandgap inside
the Brillouin zone and an isolated point, where the periodicity-induced attenuation
vanishes, in the leaky Rayleigh–Sezawa branch. In the same year, Nardi et al. [35]
presented a theoretical framework, based on the finite element method, to calcu-
late surface-like waves in a hypersonic phononic crystal. The theoretically studied
crystal is in form of periodic metal nano-stripes of lattice constant of 1 µm, on a
semi-infinite silicon substrate. Besides gap opening in the pseudo-SAW dispersion
relations, they investigated the effect of filling fraction, mass loading, and geomet-
ric factors on the frequency gap, and energy scattering phenomena of the surface
modes.
However, most of the previous studies are confined to either one dimension
or PhC of a single component. Studies done on PhCs with more than one pat-
terned material are rare, so it will be interesting to extend these works to higher-
dimensions and bicomponent systems, where new features can exist. On the other
hand, the nanostructured PhCs studied so far consist of either unsupported pat-
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terned slabs or patterned hard substrates. It would be of interest to see how the
introduction of a soft intervening layer between a patterned film and a hard sub-
strate would modify the phonon dispersion relations.
In this section, we have reviewed the studies of SAWs in perfect nanostructured
PhCs without defects. We next review the research done on PhCs with defects in
the following section.
1.2.2 SAWs in nanostructured PhCs with defects
There is a rapidly growing interest in defect phononic crystals [28, 41–51], due
to their interesting defect-induced phenomena and wide potential applications in
devices [41–43].
Torres et al. (1999) experimentally observed localization phenomena in point
and linear defects, within millimeter-size PhCs comprising mercury cylinders in
alumina matrices. [41] Using the finite difference time domain method, Kafesaki
et al. (2000) calculated the band structures of 2D phononic crystals consisting
of circular metal cylinders in epoxy matrices, and presented an acoustic waveg-
uide with rectilinear defects, according to the bandgap in the crystals [42]. Also,
Pennec et al. (2004) demonstrated the multiplexing and demultiplexing capabili-
ties of waveguides composed of defect cylinders in 2D BAW PhCs [45]. Oudich
et al. (2010) theoretically demonstrated the waveguiding of Lamb modes in 2D
arrays of cylindrical rubber stubs, with missing stubs serving as defects [48]. In
2010, Psarobas et al. investigated phononic localized resonant modes and nonlin-
ear acousto-optic interactions in a 1D phoxonic crystal (dual phononic-photonic
crystal) with a single defect [52]. In 2012, Schneider et al. [53] studied periodic
stacks of alternating layers with periodicities of 100 and 117 nm, applying Brillouin
light scattering spectroscopy. Although it is possible to introduce defect layers like
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the phoxonic crystal studied by Psarobas et al. [52], their main focus was limited
to perfect crystals and no further studies regarding defect phenomena were done.
In the same year, Marchal et al. [54] experimentally and theoretically investigated
confined phonons within a single defect in a phononic crystal slab.
In 2013, Otsuka et al. demonstrated surface phonon waveguides in 2D micrometer-
size slab-like PhCs in form of square-arranged holes in silicon, and measured their
2D acoustic fields in time domain using an optical pump and probe technique [28].
The crystals studied have a lattice constant of 6.2 µm, and the punched holes with
a diameter of 5.6 µm will intersect with neighboring ones when the hole depth is
larger than 3 µm. In 2013, employing Brillouin light scattering, Schneider et al.
[50] mapped the phonon dispersion relations of bulk waves in 1D hybrid superlat-
tices with inserted polymethyl methacrylate (PMMA) layers as defects. Applying
the finite element method with a supercell technique, Li et al. (2014) theoretically
investigated the confinement and waveguiding of bulk acoustic waves in 2D PhCs,
with defects introduced by changing the materials of a single cylinder or one row
of cylinders [51].
Previous reports on defect PhCs have mostly focused on bulk acoustic waves[46,
51, 55] or Lamb waves [48, 49]. Theoretical studies on defect PhCs were also ex-
tended to SAWs [30, 56].
Adopting the finite difference time domain method, Sun et al. (2006) ana-
lyzed SAWs in a 2D PhC composed of cylinder arrays inside an epoxy matrix,
and obtained defect modes located in the range of bandgaps. Using the finite el-
ement method, Khelif et al. (2011) theoretically demonstrated a SAW waveguide
in a linear defect region of a 2D pillars-based PhC [56]. Similarly, Oudich et al.
(2012) theoretically investigated the propagation of SAWs in PhCs, composed of
squarely arranged alumina stubs on diamond substrates. They simulated defect-
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mode waveguides by removing rows of stubs [30].
However, while theoretical studies on defect SAW PhCs have been undertaken
[9, 30, 56], few experimental works have been done on these materials in frequency
or time domain [57].
1.3 Objectives
1.3.1 Higher-dimensional periodic structures
Section 1.2.1 shows that most experiments on nanostructured PhCs are restricted
to either BAWs or one-dimensional SAWs. Consequently, it will be of interest to
study SAWs in higher-dimensional nanostructured PhCs, for which rich features
and more complex band structures are expected. One aim of this thesis is to in-
vestigate the dispersion of SAWs in a 2D chessboard-patterned phononic crystal,
which consists of periodic arrays of alternating permalloy and cobalt square dots.
This study may contribute to a better understanding of surface phonon dispersions
in higher dimensional structures. Since those two materials (permalloy and cobalt)
used in this study are magnetic, magnon dispersive phenomenon will also be ob-
served, but magnons are not central to this study and hence are beyond the scope
of this thesis.
1.3.2 2D antidot-patterned structure with a soft intervening layer
As discussed in Section 1.2.1, the phonon dispersions of patterned layers atop
hard substrates are strongly dependent on the elastic properties and density of the
substrates, when the thicknesses of the patterned layers are comparable with the
phonon wavelengths. Up to now, unsupported (free-standing) patterned slabs and
patterned layers on acoustically hard substrates are the only two kinds of nanos-
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tructured phononic crystals which have been studied. As this strong dependence
can restrict choices of the substrate for a given phononic pattern, it is necessary to
develop a method to diminish this dependence. Therefore, one of the aims of this
thesis is to investigate the influence of a soft intervening layer between a patterned
film and a hard substrate on phonon dispersions. The results may lead to a method
to isolate SAWs from the substrate and facilitate the integration of the phononic
film on a hard substrate with different elastic properties, while preserving the film’s
phonon dispersion features, in SAW devices.
1.3.3 Influence of introduced defects on phonon band structure
In Section 1.2.2, studies on SAWs in PhCs with defects have been reviewed. It
is worthwhile to note that most previous studies are focused on perfect PhCs and
their phonon dispersions. Although some defect phenomena in PhCs have been
investigated in nanometer and micrometer range, experimental studies on defect
phenomena in SAW PhCs are still rare. Meanwhile, in analogy to defect photonic
crystals, it is expected that defect-induced properties of nanostructured PhCs could
open a way to new physics and new functionalities for applications in RF process-
ing and communication. Hence, one object of this thesis is to extend defect doping
into SAW PhCs of sub micrometer size and investigate the defect-induced proper-
ties and its influence on phonon band structures. This study will be focused only on
1D, since two dimensional PhCs may introduce more complicated band structures
with extra modes, which can enshroud the defect modes.
1.4 Outline of the thesis
This thesis will be organized as the following structure:
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In Chapter 2 , basic theories of elasticity and surface acoustic waves will be
presented. In Chapter 3, the measurement technique and equipment setup will
be briefly introduced. Chapter 4 will describe the study on a two-dimensional
chessboard-patterned PhC, which is in the form of alternating Co and Py squares
on SiO2/Si substrate. Chapter 5 will proceed to a study on a 2D antidot-patterned
PhC with a soft intervening layer serving as an isolating medium. Chapter 6 will
investigate the effects of doping defects on 1D phononic crystals of linear periodic
arrays of alternating 230 nm-wide gold nanostripes and 270 nm-wide air gaps.
Finally, conclusions and outlook will be provided in Chapter 7.
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Chapter 2
Elastic Theory in Solids
The basic concepts of elasticity and surface acoustic waves (SAWs) will be intro-
duced in this chapter. It begins with linear elasticity for isotropic and anisotropic
materials as defined by Hooke’s Law. This will take into account the definition of
the strain and stress tensor. This is followed by the theoretical background and the
constitutive equations of SAWs.
2.1 Strain and stress
Elasticity involves internal forces in materials, and the displacement of materials
from their equilibrium states. The forces and the displacements will be expressed
in terms of the stress, σ , and the strain, ε , respectively.
The displacement vector u, which is (u1,u2,u3) in a Cartesian coordinate sys-





of a point in a medium, and the initial position vector x = (x1,x2,x3):
u = x′−x. (2.1)
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Under a deformation, the distance becomes:





2+2εi jdxidx j, (2.3)
where the Einstein summation convention is used.
Therefore, at point (x1,x2,x3), the strain, which quantifies the deformation of

























, i, j = 1,2,3, (2.4)
where the approximation is valid, when the displacement derivatives are smaller
than 10−4, i.e. permanent fracture or deformation is avoided. Under the definition
in Equation 2.4, no strain is raised when materials are rigidly rotated or translated
as a whole.
Stress is used to quantify the internal forces of a continuous material. For a
volume element, which is an infinitesimal small cube with its surfaces in the prin-
cipal plane of the coordinate system, σi j represents the internal force acting on the
i-plane and oriented in the j-direction, as show in Figure 2.1.








2.2 Elastic stiffness tensor
Figure 2.1: Illustration of the stress components acting on the principal planes
Implied by the principle of conservation of angular momentum, the stress tensor
is symmetric, namely σ12 = σ21, σ13 = σ31, and σ23 = σ32. Thus, only six of the
nine components of stress tensor are independent.
2.2 Elastic stiffness tensor
As fundamental assumptions of linear elasticity, the relationships between the in-
finitesimal strains and stresses are linear, and hence any component of strain tensor
can be expressed as a linear combination of the stress and vice versa. The coeffi-
cients needed are compliance tensor Si jkl and elastic stiffness tensor Ci jkl , as shown
in Equations 2.6 and 2.7, where the Einstein summation convention is used.
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εi j = Si jklσkl, (2.6)
σi j =Ci jklεkl. (2.7)
I 1 2 3 4 5 6
i j 11 22 33 23,32 13,31 12,21
Table 2.1: Voigt notation
Because both stress tensor σ and strain tensor ε are symmetric matrix, viz.
σi j = σ ji and εi j = ε ji, only 6 of these 9 equations in Equation 2.6 are independent.
Along with the existence of a unique strain-energy potential, this symmetry implies
that:
Ci jkl =C jikl =Ci jlk =C jilk , and Ci jkl =Ckli j, (2.8)
which reduces the number of independent entries of stiffness tensor from 81 to 21.
By applying abbreviated subscript notation (Voigt notation), which is as shown in
Table , the 3×3×3×3 stiffness tensor Ci jkl can be simplified and expressed as a
6×6 matrix CIJ , which reads:
C =

C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56




2.2 Elastic stiffness tensor
where CIJ =Ci jkl .
The general relationship between Si jkl and SIJ is :
SIJ = Si jkl×

1 for I and J = 1,2,3
2 for I or J = 4,5,6
4 for I and J = 4,5,6
, (2.10)
where the factor 2 and 4 are introduced by the conventional definition of strain
under the Voigt notation.
Under the same notation, the strain and stress tensor, which are 3×3 matrices,



















































Elastic Theory in Solids
where the factor 12 is a convention in elasticity theory. As a standard practice, this
factor can simplify some key equations relating strain, stress, and elastic stiffness
matrices [58].











C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56












For tetragonal crystal [58], 6 elastic parameters (C11,C12,C13,C33,C44,C66) are needed











In a cubic structure with higher symmetry properties [58], there are only 3
16
2.4 Equation of motion











When C44 = 12(C11−C12), the crystal is isotropic and CIJ has the following
relations with Young’s modulus E and Poisson’s ratio ν :












2.4 Equation of motion
In the above sections, basic terms of elasticity are introduced. In this section, we
will consider the vibration of an elastic medium, where the associated physical
quantities are displacement field u(x, t), strain field ε(x, t), stress field σ(x, t), and
body force field F(x, t). The total force acting on an infinitesimal element volume








The first term on the right side of this equation is the total traction forces applied
by the neighboring volume, and the second item is the body force.
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where ρ is the mass density.
Due to the sufficiently small volume of this element volume, in the limit δV →
0, Equation 2.18 can be represented as:

















For harmonic waves, the displacement vector u can be expressed as ui(x, t) =
ui(x)exp(−iωt), where ω is the angular frequency. The governing equations for









In an isotropic material absent of body forces (Fi = 0), a plane wave solution
for propagating wave along x1 direction is given by:
ui =Ui exp[i(kx1−ωt)]. (2.22)
Here, Ui is the vibration amplitude along i-axis; k is the wavevector; and ω is the
angular frequency.
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One of the nontrivial solutions, with U1 ̸= 0 and U2 =U3 = 0, corresponds to a









The other two modes with either nonzero U2 or U3, are shear wave modes,










As the upper limit of Poisson’s ratio is 0.5, i.e. ν < 0.5, the shear wave velocity
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Figure 2.2: Coordinate system for SAW propagating in a semi-infinite medium.
2.5 Surface acoustic wave
In the above section, acoustic wave propagating in a bulk medium is introduced. In
a semi-infinite isotropic medium, SAWs will appear due to the existence of bound-
aries. As shown in Figure 2.2, the medium occupies the half-space x3 < 0, and its
traction-free surface lies in the plane x3 = 0.
The surface wave solutions of Equation 2.20 are supposed to decay with x3 de-
creasing, and become evanescent within several wavelengths below the interface ,
i.e. to be “straight-crested”. Therefore, possible solutions for surface waves propa-
gating along x1-axis with wavevector k in a semi-infinite isotropic medium, can be
the linear combinations of partial waves in the following form:
ui =Ui exp(ibkx3)exp[ik(x1− vt)], (2.27)
where b is a complex constant and v (= ω/k) is the phase velocity.
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Therefore the determinant of the 3×3 matrix in above equation is zero, which
means:
C44(1+b2)−ρv2 = 0. (2.29)
or
C11(1+b2)−ρv2 = 0, (2.30)





)2 , U = (0,1,0) . (2.31)
In this case, only the shear-horizontal displacement component is non-zero, and
this kind of waves is known as Love wave, whose displacement profile is shown in
Figure 2.3.





)2, U = (1,0,b). (2.32)
In this case, only the sagittal-plane displacement components are non-zero, and
this kind of waves is known as Rayleigh wave, whose displacement profile is shown
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Figure 2.3: Displacement profiles of Love (top) and Rayleigh (bottom) waves.
in Figure 2.3. Applying the traction-free boundary condition, which is
σ3 j =C3 jkl
∂uk
∂xl
= 0, at x3 = 0, for j = 1,2,3, (2.33)

















A good explicit approximation [59] for v is given as:
v =VT (0.87C11+2C12)/(C11+2C12). (2.35)
In summary, Rayleigh and Love waves exist on the traction-free surface of a
semi-infinite isotropic medium. Rayleigh wave has displacement components in
both the propagation direction and the out-of-plane (vertical) direction. In contrast,
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Love wave is a shear-horizontal-polarized wave without longitudinal component.
With exponentially decayed displacements as shown in Figure 2.3, Rayleigh and
Love wave have Poynting vectors parallel to the top surface, viz. their energy will
not leak into the medium when waves propagating.
When the semi-infinite medium is coated with a layer of a different material,
Sezawa wave [60], which is also a Rayleigh-type wave, comes out. For Sezawa
wave, there is a cutoff frequency (lower bound of frequency) which is determined
by the layer thickness. Below this frequency, the wave cannot propagate unattenu-
ated.
Apart from the above pure surface waves with their energy fluxes completely
confined within the surface regions, leaky surface waves exist in anisotropic crys-
tals. Also known as pseudo surface waves, leaky surface waves can radiate energy
downwards into the substrate, due to the existence of a non-zero real part in the
constant b (Equation 2.27). The real term represents a bulk component with its
wave vector not parallel to the surface. Consequently, leaky surface waves are not
real surface waves. However, in many cases [61, 62], they can still be observed as
the radiation effect is weak enough. It’s noteworthy that the leaky surface waves
are absent in isotropic materials of single component, because the velocities of
bulk waves in these materials are always larger than those of surface wave, and it





In this thesis, Brillouin light scattering (BLS) is employed to probe surface acoustic
waves in nanostructured phononic crystals. This chapter will present the general
principles of BLS and the instrumentation.
3.1 Introduction
Brillouin light scattering, named after L. Brillouin, is the inelastic scattering of
photons by acoustic phonons or spin waves in a medium. In 1922, L. Brillouin [21]
first predicted this scattering by thermally excited phonons. Four years later, L.
Mandelstam [63] published a similar prediction, which is believed to have been re-
cognized as early as 1918. Therefore, BLS is also known as Brillouin-Mandelstam
light scattering (BMLS) to credit L. Mandelstam. In 1933, E. Gross first experi-
mentally verified this effect in water and various organic liquids using a mercury
lamp with a scattering angle of 90o.
As a non-contact probing technique, Brillouin light scattering has been applied
to measure numerous samples, ranging from crystals [64, 65], liquids [66, 67],
semiconductors [68, 69], to organic materials [70, 71].
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The typical frequency range of Brillouin scattering, is about 1 - 100 GHz, which
is much lower than the Raman shift frequency (in THz range). In other words, it
is hypersonic (GHz) phonons that Brillouin scattering can measure. In contrast,
Raman scattering is usually employed to detect acoustic and optical phonons, plas-
mons, and other excitations in molecules or crystals. Apart from the frequency
range, multipass high-resolution Fabry–Pérot interferometers are utilized in Bril-
louin scattering, rather than gratings, which are more common-used in Raman scat-
tering. Different from the time-resolved spectroscopy, which probes the elastic vi-
brations by detecting the optical response in time-domain, Brillouin spectroscopy
is operated in the frequency domain, the same as Raman spectroscopy. Another
difference between pump-probe spectroscopy and Brillouin spectroscopy is that
the previous one is not spontaneous and needs extra perturbation induced from the
pumping beam. Therefore Brillouin spectroscopy is more suitable for the measure-
ment of thermally excited phonons.
3.2 Scattering mechanism
3.2.1 Classical point of view
From a classical point of view, acoustic phonons propagating in a material can
create periodic density fluctuations (permittivity fluctuations), which serve as a
moving grating. Brillouin scattering can be interpreted as the diffraction of the
incident photons from this grating, which cause the frequency-shift of the scattered
photons with a Doppler effect. Specifically, the scattering process is governed by
two principal mechanisms, namely elasto-optic effect and ripple effect.
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3.2.2 Quantum point of view
From a quantum point of view, Brillouin scattering is described as an interaction
between a photon and a phonon. In the scattering process, a phonon of wavevec-
tor q and angular frequency Ω is either created or annihilated. Meanwhile, the
wavevector of the scattered photon is shifted, and is a linear combination of the
incident photon wavevector and phonon wavevector q. Following the conservation
of energy and momentum, one can obtain:
h¯ωs = h¯ωi± h¯Ω,
h¯ks = h¯ki± h¯q,
(3.1)
whereωi and ki are the angular momentum, and wavevector of the incident phonon,
respectively, and ωs and ks are those of the scattered phonon. As illustrated in
Figure 3.1, “−” sign indicates the Stokes process, where a phonon is generated
and the scattered photon is red-shifted, while “+” sign indicates the anti-Stokes
processes, where a phonon is absorbed and the scattered photon is blue-shifted.
Typically, the energy of a hypersonic (GHz) phonon is of the order of 1 meV,
which is much lower than that of a visible photon (for instance, a photon with wave-
length λ = 514.5 nm has energy = 2.4 eV). Consequently, the difference between
|ki| and |ks| is very small, that is to say:




where cn is the light velocity in the medium. Based on Equation 3.1, it follows that:
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Figure 3.1: Schematics of (a) Stokes and (b) anti-Stokes scattering processes. θ is
the scattering angle between the incident and scattered light.
q = |ki− ks| ≈ 2ki sin θ2 , (3.3)
Ω= |ωi−ωs| , (3.4)
where θ is the scattering angle between the incident and scattered photons, as il-
lustrated in Figure 3.1. By varying the scattering angle, the achieved wavevector
of phonons is in the range of 0 and 4πλn , where λn is the incident light wavelength
in the medium, and the maximum wave vector corresponds to θ = 180°, i.e. the
backscattering configuration.
3.3 Scattering geometries
Figure 3.2 shows common-used geometries in Brillouin scattering. Among them,
the one in Figure 3.2 (a) can be applied to measuring phonons in bulk crystals.
Those in 3.2 (b) and (c) are sensitive to in-plane and out-of-plane phonons, respec-
tively. It is noteworthy that Equation 3.3 fails to describe the case shown in Figure
3.2 (d), where surface phonons propagating along the top-surface of an opaque ma-
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Figure 3.2: Schematics of scattering geometries in Brillouin scattering experi-
ments, to measure (a) bulk phonons in a transparent medium, (b) in-plane phonons
in a transparent film, (c) out-of-plane phonons in a transparent film, and (d) surface
phonons in an opaque medium.
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Figure 3.3: A schematic of the experiment setup.
terial are measured. In this surface scattering case where the surface ripple mech-
anism is the dominant, only the in-plane component of the changed wavevector of
phonons (∆k = ki− ks) is related to the detected phonons [72]. As a result, the
Equation 3.3 in surface scattering reads:
q = |ki− ks|sinθ ≈ 2ki sinθ , (3.5)
where θ is the incidence angle between the incident phonon and the surface normal.
3.4 Instrumentation and setup for Brillouin light scat-
tering
As shown in Figure 3.3, the Brillouin scattering system used to investigate sur-
face phonons, consists of an argon-ion laser, optical components, a Fabry–Pérot
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interferometer, and a data acquisition system.
The laser beam with vertical polarization, is firstly split into two beams. One of
the beams is reflected by a mirror (M2) into the interferometer through a pinhole
(P2), to serve as a reference beam to help maintain the stability of the interferom-
eter. Serving as a probe beam, the other beam, with its intensity reduced by a step
filter (F), is reflected by a tiny mirror (M1) with diameter = 6 mm, and then fo-
cused by a lens (L1) onto the sample. Collected by lens L1, the scattered light is
then focused by lens L2 into a pinhole (P1) and measured using the interferome-
ter equipped with a high-sensitive single photon detector, to obtain the frequency
spectrum of the scattered light.
Argon-ion laser
Equipped with a Model 587 Z-Lok automated single-frequency accessory, the Beam-
Lok 2080 argon-ion laser operates in continuous single mode with wavelength =
514.5 nm and output power = 200 mW. The euquipped Z-Lok accessory can pro-
vide a stable and mode-hop-free single-frequency performance.
Fabry–Pérot interferometer
A (3+3)-pass tandem Fabry–Pérot interferometer, model TFP-1 from JRS scientific
instruments, is equipped, instead of grating spectrometers whose frequency reso-
lution (~10 GHz) fails to meet the demand of detecting Brillouin scattering from
hypersonic phonons.
The tandem system can significantly reduce the spectra overlapping in a single
Fabry–Pérot interferometer. As shown in Figure 3.4, this tandem system consists of
two sets of Fabry–Pérot interferometer, noted as FP1 and FP2. FP1 is aligned in the
direction of the translation stage movement, and FP2 is arranged in the direction of
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Figure 3.4: A schematic of the translation stage of the tandem Fabry–Pérot inter-
ferometer.
the reflected beam, with FP2 axis at an angle θ to the scan direction. When both of
FP1 and FP2 reach maximum possible transmission for light with wavelength λ ,
their optical spacings L1 and L2 satisfy:
L1 = 12 pλ
L2 = 12qλ
, (3.6)
for integral values of p and q. During the wavelength scan, L1is changed with an
increment δL1. As L2 is in advance set to L1 cosθ , the variation of L2, δL2 satisfies:
δL2 = δL1 cosθ . (3.7)
Therefore the synchronization condition, δL1/δL2 = L1/L2 is always satisfied dur-
ing the scanning.
The whole tandem optics of the interferometer is shown in Figure 3.5. The scat-
tered light (red) enters the interferometer through pinhole P1 and then is directed
32
3.4 Instrumentation and setup for Brillouin light scattering
Figure 3.5: A schematic of tandem optics of the interferometer. The first-, second-,
and third-pass light are colored with red, blue, and green, respectively.
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via mirrors M1 and M2 to FP1. After the first-pass (red) through FP1 and FP2,
the light is reflected backward by prism PR1 and returned parallel to the first-pass
towards FP2. After the second-pass light (blue) pass under mirror M1 and is fo-
cused by lens L1 onto M4, the reflected light continues the third-pass (green) and
is directed by mirror M5, prism PR2 and M6 and finally focused by lens L2 onto
the circular active area of the single photon detector.
Photon detector
The single photon counting module, model SPCM-AQR-16 from EG&G, is uti-
lized to measure light intensities in different frequencies. The detector uses a sil-
icon avalanche photodiode (SLiK) with a circular active area, achieving a photon
detection efficiency greater than 40% at 514.5 nm and very low dark count less
than 25 counts per second. The photon diode is both temperature controlled and
thermoelectrically cooled, to ensure stabilized performance.
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Phononic dispersion of a 2D
chessboard-patterned bicomponent
array on a substrate
4.1 Introduction
Phononic crystals (PhCs), the analogue of photonic crystals, can manipulate and
control the propagation of acoustic waves (phonons) in it. Because photons prop-
agate much faster than phonons, phonons have significantly shorter wavelengths
than photons of the same frequency. This makes it easier to miniaturize devices
based on nanostructured PhCs, which have potential applications such as reflect-
ing, focusing and localizing high-frequency phonons [4, 5].
As reviewed in Chapter 1, most experiments on nanostructured PhCs are re-
stricted to either BAWs or one-dimensional SAWs. In 1992, Dutcher et al. [22]
performed Brillouin light scattering measurements of SAWs in an ion-milled Si
grating with a lattice constant of 250 nm. They found experimental evidence of
hybridization gap between a Rayleigh wave and a longitudinal mode. In 2014,
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SAWs on the surface of Si substrate patterned with periodic grooves were mea-
sured by Graczykowski et al. [26] using Brillouin light scattering. The stripes,
whose height is comparable to the acoustic wavelength, can confine vibrations
within the surface regions of the stripes. Measured along directions normal and
parallel to the grooves, phononic dispersion relations show distinct features along
these directions. Recently, applying BLS or other methods such as picosecond
spectroscopy, quite a few studies have been done on SAWs in nanostructured PhCs
[24, 35, 38, 40]. It is of interest to extend these studies to higher dimensional
and bicomponent systems, whose dispersion relations are expected to be richer and
more complex than those in 1D PhCs.
In this chapter, applying the Brillouin spectroscopy and finite element analy-
sis, we investigated the band structures of a 2D bicomponent chessboard-patterned
PhC, which consists of periodic arrays of alternating permalloy and cobalt square
dots on a SiO2/Si substrate. Besides gap openings, Rayleigh-like and Sezawa-
like waves, the measured dispersion relations revealed an unusual kind of surface
acoustic waves, namely surface optical-like waves (SOLWs), in both p-p and p-s
polarizations. Further simulations revealed the out-of-phase features of SOLWs
along the direction perpendicular to the direction of phonon propagation, similar to
the optical modes where adjacent atoms in the same unit cell vibrate in antiphase.
4.2 Sample fabrication and BLS measurements
The sample studied is a 50nm-thick periodic bicomponent array, patterned on a
(300 nm) SiO2/Si substrate. The chessboard-patterned array is in form of alternat-
ing Co and Py squares with side length l = 250 nm.
To fabricate the sample, 50 nm-thick Py film was firstly deposited on the SiO2/Si
substrate by using dc magnetron sputtering. Polymethyl methacrylate (PMMA),
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Figure 4.1: SEM image of the Co/Py chessboard sample with square side length
l = 250 nm and the chosen unit cell shown as blue squares of side a = 250
√
2 nm.
which is a positive tone resist, was spin-coated upon the Py film. Applying high-
resolution e-beam lithography, chessboard patterns were defined on PMMA. Then,
argon-ion was used to etch the unprotected part of Py film so as to transfer the
patterns onto it. A Co film with thickness of 50 nm was then deposited to fill
the etched parts of the Py film. Finally, the remaining PMMA resist atop the Py
film was lifted-off. A scanning electron microscope (SEM) image of the resulting
structure is shown in Figure 4.1.
The phonon dispersion relations were measured using Brillouin light scattering
(BLS) in the 180°-backscattering geometry, with the phonon wavevector q along
the Γ-M or Γ-X directions. The excitation light is an argon-ion laser with λ =
514.5 nm. The p-p and p-s polarization scattered light was analyzed with a (3+3)-
pass tandem Fabry–Pérot interferometer. Because the transfered wavevector of
the back-scattered photon is 4π sinθ/λ , the dispersion relations of SAWs were
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Figure 4.2: (a)Brillouin p-p polarization spectra for wavevector q = 0.8π/a along
Γ-X. (b) Brillouin p-p polarization spectra for q= 0.8π/a along Γ-M. (c) Brillouin
p-s polarization spectra for q= 0.8π/a along Γ-M. (d-f) Top-view of the simulated
displacement profiles of modes observed in (a), (b), and (c). Longitudinal, shear
horizontal, and shear vertical components of displacement fields are noted as u, v,
and w, respectively.
mapped in the first and second BZs, by varying the laser incidence angle θ .
Typical Brillouin spectra along Γ-X (q = 0.8π/a, near the first BZ boundary)
and Γ-M (q= 0.8π/a) are displayed in Figures 4.2 (a-c). After fitting the measured
spectra with the Lorentzian function, the fitted frequencies were plotted against




To simulate the mode displacement profiles and band structures of the SAWs, the
finite element method was employed, with Bloch-Floquet periodic boundary con-
ditions applied on the vertical boundaries of the computational unit cell.
Figure 4.3 (a) presents the top-view of the unit cell with side a= 250
√
2 nm. As
shown in Figure 4.3 (c) , the unit cell consists of a 50 nm-thick Py square (side a=
250
√
2 nm), with its center hollowed out and filled with a 50 nm-thick Co square
(side l = 250 nm), a 300 nm-thick silica sub-layer, and a 10 µm-thick Si substrate.
Parameters used in the simulations for Py, Co, and SiO2 were Young’s moduli =
113, 209, and 73 GPa, Poisson ratios = 0.3, 0.31 and 0.17, and mass densities =
8900, 8600,and 2200 kg/m3, respectively [58, 73, 74]. The elastic modulus values
used for Si were C11 = 166, C12 = 64, and C44 = 80 GPa and the mass density was
2331 kg/m3 [75].
4.4 Results
As shown in Figure 4.2, the calculated mode displacement profiles, which corre-
spond to the observed peaks at q = 0.8π/a, show that the observed modes have
dominant shear vertical displacement (w-displacement) over shear horizontal (v-
) and longitudinal (u-) displacements. It is noteworthy that the surface acoustic
waves can be classified into two distinct types, namely surface optical-like waves
(SOLWs) and surface acoustic-like waves (SALWs), based on the vibration phase
difference along the direction perpendicular to the direction of phonon propagation.
For instance, modes p4 and p3’ to p6’ are assigned to SOLWs, due to the existence
of 180˚ phase shift of the displacement along the shear horizontal direction, and
modes p1 to p3 and p1’ to p2’ are identified as SALWs. The physical origin of
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Figure 4.3: (a) Top-view of the computational unit cell. The lattice constant a =
250
√
2 nm. (b) Schematic of the primitive cell in reciprocal space. (c) Diagram of
the unit cell used for simulations. (d) Diagram of two unit cells used to illustrate
the displacement profiles in Figure 4.4. Square side length l = 250 nm.
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4.4 Results
Figure 4.4: (a) Calculated phononic dispersion relations. u-dominated and w-
dominated modes are denoted by pink and green solid lines respectively. (b)
Mode displacement profiles shown with their shear-vertical displacement ampli-
tudes color coded according to the scale bar in Figure 4.2 (f).
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SOLWs and their features will be discussed in detail in Chapter 5.
The simulated phononic band structures along X-Γ-M directions and the w-
displacement profiles of some modes are presented in Figure 4.4, where u-dominated
and w-dominated modes are denoted by pink and green solid lines respectively.
Based on their mode profiles, modes c, d, and p are classified as Rayleigh-like
waves (RWs), while modes a, b, and k are identified as Sezawa-like waves (SzWs).
Because the phonon branches e-h, g-i, f-j, h-l, i-o and h-r possess out-of-phase
features, they are indicated as SOLWs. (A more accurate quantitative method will
be introduced in the next chapter.) Furthermore, the hybridization between SOLWs
and SzWs also exists, as shown in Figure 4.2 (c), where mode p2’ (SzW) with a
frequency close to mode p4’ (SOLW), acquires some out-of-phase characters.
The calculated reduced-zone schemes along Γ-M and Γ-X directions are shown
in Figure 4.5, where the experimental data are denoted by red (p-p polarization) and
green (p-s polarization) dots. As can be seen, the simulated results agreed well with
the experimental ones. In particular, simulations generally reproduced the RWs
and SzWs, as well as the SOLWs labeled as α , δ , and ζ . Arisen from the avoided
crossings and hybridization of RWs and SzWs [40], a hybridization bandgap of
width = 0.5 GHz (calculated width = 0.12 GHz) was shown in the experimental
dispersion relations at q = 0.7π/a and 1.3π/a. A gap opening with a calculated
width of 0.35 GHz was also observed at the X point around 6.2 GHz.
It is noteworthy that SALWs are not BLS-activate in p-s polarization. However,
SOLWs can be observed in both p-p and p-s polarization spectra. An explanation
for this will be presented in the next chapter.
The chessboard pattern has also been modified by changing the side length of
the Co square. Under this modification, the effect of the Co square size on the
42
4.4 Results
Figure 4.5: Experimental and calculated phononic dispersion relations. Measured
p-p and p-s polarization data are denoted by red and green dots, respectively. u-
dominated and w-dominated modes are denoted by pink and green solid lines, re-
spectively. The Rayleigh-like modes and the Sezawa-like modes are labeled by
RW and SzW respectively. Surface optical-like wave modes are denoted by Greek
letters. Measured gaps are indicated by green bands (A, B, and C).
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widths of gap openings was theoretically investigated, and the results are displayed
in Figure 4.6. The top view of the unit cell used is shown in Figures 4.6 (a) and (b),
where a Co square (green) with side length l is located in the center of the unit cell
and the remaining part is filled with a Py film. Side length l ranges from 0 to 500
nm. When l <
√
2a/2 = 250 nm, the Co square does not touch the edges of the
unit cell and the Py film (yellow) is continuous [Figures 4.6 (a)]. When l >
√
2a/2,
the corners of the Co square are cut off to suit the unit cell [Figures 4.6 (b)].
As the acoustic wave velocity of Co (shear wave velocity vs = 3046 m/s) is
higher than that of Py (vs = 2210 m/s), the gap centers rise when the fill factor of
Co increases. The widths of three gap openings, labeled as A,B, and C in Figure
4.5, were plotted against l, as shown in Figure 4.6 (c). The maxima of gap A and
B, which are Brag gap openings, can be achieved for l ≈ 230 nm. While that of
gap C, which is a hybridization gap, is achieved for l ≈ 270 nm. When there is
no elastic contrast in the top metal film (homogeneous film covers the top), namely
l = 0 or 500 nm, the gap openings vanish.
4.5 Summary
In summary, the band structures of the 2D bicomponent chessboard-patterned PhC
was investigated using the finite element analysis and Brillouin spectroscopy. The
numerical simulations generally reproduced the experimental results. Along the
Γ-X direction, the measured dispersion relations revealed a bandgap, arising from
mode hybridization, and a gap opening, resulting from Bragg reflection. Note-
worthily, an unusual kind of surface acoustic waves, namely SOLWs, was observed
in both p-p and p-s polarizations. Further simulations revealed their out-of-phase
features along the direction perpendicular to the direction of phonon propagation,
similar to the optical modes where adjacent atoms in the same unit cell vibrate out
44
4.5 Summary
Figure 4.6: (a, b) Schematics of the unit cells used to calculate the effect of the Co
square size on the widths of gap openings, when Co side length l is (a) shorter or
(b) longer than 500 nm. The red-dotted box indicates the square with l = 500 nm.
(c) Calculated widths of gap openings as a function of the Co square size. The
labels correspond to the gap openings labeled in Figure 4.5.
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of phase. Furthermore, spin waves have been detected in the ferromagnetic sample
[76], and their dispersion relations were measured by BLS. Hence, This sample
may be suitable for studying the interactions between phonons and magnons.
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Chapter 5
Phonon Dispersions in a 2D
antidot-patterned structure with a
soft intervening layer
5.1 Introduction
Hypersonic phononic crystals are periodic arrays of alternating nano-elements with
different elastic properties and mass densities. As these materials are able to manip-
ulate and control the propagation of phonons in them, they have promising applica-
tions such as acoustic microsensing and signal processing [4–10]. Nanostructured
phononic crystals studied thus far are either unsupported patterned slabs [77, 78]
or patterned layers on acoustically hard substrates [77, 79–82]. Studies [58, 83, 84]
have shown that, in the low frequency range, the dispersion of phonons in patterned
layers on a hard substrate is more strongly dependent on the elastic properties of
the substrate rather than on those of the patterned layer. It would be interesting to
investigate how the phonon dispersion would be modified by the introduction of a
soft intervening layer between the patterned film and the hard substrate.
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In this chapter, we experimentally and theoretically investigated the phonon dis-
persion in structures comprising a two-dimensional (2D) Ni80Fe20 (Permalloy, ab-
breviated to Py) film, patterned with a square-lattice array of antidots, on a bottom-
anti-reflective coating (BARC)/Si substrate. The measured dispersion structures, in
the Γ-X and Γ-M directions, contain rich features such as surface optical-like waves
(SOLWs), surface acoustic-like waves (SALWs), and gap openings at the Brillouin
zone (BZ) boundaries. Nearly dispersionless branches were also observed in the
high wavevector range. The phonon band structure displays an acoustically iso-
lating feature arising from the presence of the intervening acoustically soft BARC
layer, which diminishes the influence of the bottom hard Si substrate. Such an
acoustically isolating feature would facilitate the integration of the phononic film
on a hard substrate with different elastic properties, while preserving the film’s
phonon dispersion features, in surface acoustic wave (SAW) devices.
Here, we present a qualitative explanation of the origin of SOLWs, which is
consistent with their observed spectral polarizations, by mapping their mode dis-
placement fields onto reciprocal space. Previously only the classification of the
observed modes into SOLWs or SALWs was done in Chapter 4, and this was based
on the observation of their calculated mode profiles. Additionally, the frequencies
of the SOLWs were found to shift almost independently of those of the SALWs, by
varying one of the dimensions of the patterned array on the Py film.
5.2 Sample fabrication and BLS measurements
In this chapter, two groups of 2D phononic crystals with dot diameter d = 210,
320 nm were studied. The crystal with d = 210 nm will hereafter be referred
to as the 210nm crystal, and the other with d = 320 nm as the 320nm crystal.
The samples consist of 48nm-thick Py films patterned with a 2D square lattice of
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Figure 5.1: (a) SEM images of the antidot-patterned Permalloy sample with lattice
constant a = 450 nm, dot diameter d = 210 nm. The chosen unit cell is shown as a
blue square. (b) Top-view of the unit cell. (c) Schematic of the first Brillouin zone.
antidots, which were fabricated on a BARC-coated Si(001) substrate using deep
ultraviolet (DUV) lithography at 248 nm exposure wavelength, deposition, and
lift-off processes [85, 86].
In the fabrication process of each sample, the 55nm-thick BARC (acrylic poly-
mer) film was first coated on the Si(001) substrate. Then a square lattice array of
dots of lattice constant a = 450 nm, and dot diameter d = 210, or 320 nm, was
defined on a DUV resist. This was followed by the electron beam deposition and
lift-off of a 48nm-thick Py film. The BARC layer underneath the Py film was re-
tained to acoustically isolate the Py film from the Si substrate. Scanning electron
microscope (SEM) images of the resulting 210nm crystal are shown in Figure 5.1
(a).
Brillouin light scattering (BLS) measurements were performed in the 180°-
backscattering geometry using 514.5 nm laser radiation, with the phonon wavevec-
tor q along the Γ-M or Γ-X directions. The p-p and p-s polarization scattered light
was analyzed with a (3+3)-pass tandem Fabry–Pérot interferometer equipped with
a silicon avalanche diode detector. As Py is a magnetic alloy, the samples exhibit
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Figure 5.2: Schematic of the computational unit cell.
magnonic dispersion which can also be detected by BLS. Therefore, 0.5 T static
magnetic field was applied parallel to the sample surface, to ensure the observed
peaks are magnetic-field-independent, i.e. only phonon-induced peaks are involved
in the spectra.
5.3 Theoretical calculations
Dispersion relations and mode displacement profiles were simulated using the finite
element method in COMSOL Multiphysics, with Bloch-Floquet periodic boundary
conditions applied along the boundaries of the computational unit cell. Figure 5.2
shows the unit cell comprising a 48nm-thick Py film, patterned with a square array
of antidots of period a = 450 nm and diameter d = 210 nm, an intervening 55nm-
thick BARC sub-layer atop a 2µm-thick Si substrate, with its bottom boundary
fixed.
Parameters used in the simulations for Py [87], and BARC [88] were Young’s
moduli = 180, and 6.26 GPa, Poisson ratios = 0.31, and 0.34, and mass densities =
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Figure 5.3: (a) Brillouin p-s and p-p polarization spectra of the 210nm crystal
for wavevector q = 21µm−1(q = 3π/a , at the third BZ boundary) along Γ-X. (b)
Brillouin p-s and p-p polarization spectra of the 210nm crystal for q= 7µm−1 (q=
π/a) along Γ-M. The spectra (black dots) were fitted with Lorentzian functions
(blue curves), and the resultant fitted p-s and p-p polarization spectra are shown as
respective green and red solid curves.
8600, and 1190 kg/m3, respectively. For Si, elastic modulus values of C11 = 166,
C12 = 64, and C44 = 80 GPa and density = 2331 kg/m3 were used [75].
5.4 Experimental and calculated dispersion relations
of the 210nm crystal
For the 210nm crystal, typical Brillouin spectra along Γ-X (at the third BZ bound-
ary) and Γ-M (at the first BZ boundary) are displayed in Figures 5.3 (b) and (c)
respectively. The measured spectra were fitted with the Lorentzian function and
the resulting phonon mode frequencies were plotted against wavevector to yield
dispersion relations shown in Figure 5.5.
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Figure 5.4: Calculated band structure of surface phonons on the 210nm phononic
structure. The longitudinal-dominated, shear-horizontal-dominated and shear-
vertical-dominated branches are shown as red, green and blue curves respectively.
The calculated dispersion relations, in the reduced-zone scheme, of surface
phonons along the Γ-X-M-Γ directions, illustrated in Figure 5.4, comprise longitudinal-
dominated, shear-horizontal-dominated and shear-vertical-dominated branches. The
applied Bloch-Floquet boundary condition, u⃗(⃗r′) = u⃗(⃗r)exp
[
i⃗k · (⃗r′− r⃗)
]
, where u⃗
is the displacement vector, r⃗′ and r⃗ are the position vectors and k⃗ is the phonon
wavevector in the first BZ, restricts solutions to the first BZ, thus precluding the di-
rect calculation of the extended-zone scheme. As all calculated branches are folded
in the first BZ, it is difficulty to unambiguously compare experimental results with
the calculated band structure in the reduced-zone scheme.
To "unfold" branches that are folded along the BZ boundaries due to periodicity,
a discrete Fourier transform was performed to map the numerical-calculated mode
displacement field, from real onto reciprocal space. Based on their coordinates in
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Figure 5.5: Experimental and calculated phononic dispersion relations of the
210nm PhC across various Brillouin zones. Measured p-p and p-s polarization data
are denoted by respective red and green dots, whose sizes represent measurement
errors, while calculated shear-vertical-dominated SALWs and SOLWs by respec-
tive solid and dashed lines. Measured Bragg gaps are indicated by pink bands.
Insets: Mode displacement profiles shown with their shear-vertical displacement
amplitudes color coded, with the white arrows indicating mode propagation direc-
tions.
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reciprocal space, modes were "unfolded" into certain BZs, and identified as either
SOLWs or SALWs (see discussion in Section 5.6).
The resulting extended-zone schemes of shear-vertical-dominated modes along
Γ-X and Γ-M are presented in Figure 5.5, which shows that the calculations gener-
ally reproduced the measured data, with most of the observed branches correspond-
ing to the "unfolded" simulated ones, i.e. to those in the extended zone scheme. The
zone-folded branches are denoted by red dots lying between 3.0 and 3.4 GHz [Fig-
ure 5.5(a)], and green dots lying between 3.7 and 4.2 GHz [Figure 5.5(c)] in the
first BZ along Γ-X; red dots lying between 3.5 and 4.8 GHz [Figure 5.5(a)] in the
fourth BZ along Γ-X; green dots around 3.5 GHz [Figure 5.5(c)] in the second and
third BZ along Γ-X; red dots around 3.6 GHz [Figure 5.5(b)] in the first BZ along
Γ-M. The experimental Γ-X dispersion spectrum features a 0.4 GHz gap opening
(simulated value = 0.33 GHz) in p-p polarization at the third BZ boundary [Figure
5.5(a)], and a 0.4 GHz gap opening (0.11 GHz) in p-s polarization at the third BZ
boundary [Figure 5.5(c)]. The measured Γ-M dispersion spectrum features a 0.2
GHz gap opening (0.11 GHz) in p-p polarization at the second BZ boundary [Fig-
ure 5.5(b)], and a 0.6 GHz gap opening (0.19 GHz) in p-s polarization at the first
BZ boundary [Figure 5.5(d)]. These gap openings arise from the avoided crossings
of zone-folded modes [22].
A comparison of simulated and measured dispersion relations revealed that
all the measured modes correspond to the shear-vertical-dominated branches, for
which the surface-ripple mechanism dominates over the elasto-optic one in the
BLS process [89–91]. This is consistent with the observation that bulk elasto-optic
scattering from the Py film (≈ 83% filling factor) is not significant, as the calcu-
lated skin depth of Py for 514.5 nm radiation, based on its refractive index [92], is
about 20 nm, which is shorter than the Py film thickness. Indeed theoretical studies
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found that the surface-ripple mechanism is dominant for opaque materials like Py
[89–91].
Under the surface-ripple mechanism of BLS, shear-vertical-dominated SALWs
mainly contribute to p-p polarization, while shear-vertical-dominated SOLWs mainly
to p-s polarization. As shown in the insets of Figure 5.5, the mode displacement
profile of SALWs is in-phase along the shear-horizontal direction (perpendicular
to the propagation direction) and possesses spatial reflection symmetry, with the
mirror plane lying parallel to the scattering plane (vertical plane containing the
propagation direction). Consequently, the s-component of the scattered electrical
field vanishes [89–91], and thus SALWs are absent in p-s polarization. In con-
trast, as the out-phase displacement profile of SOLW does not possess reflection
symmetry, s-polarized scattering is not precluded and hence, SOLWs can appear
in both p-p and p-s polarization spectra. It is noteworthy that SOLWs are observ-
able in p-p polarization. They include the zone-folded branch, labeled α in Figure
5.5 (c), corresponding to the portion of the branch, labeled β in Figure 5.5 (a),
in the third BZ around 3.6 GHz, along Γ-X. Also, in our previous study of a 2D
chessboard-patterned bicomponent crystal (Chapter 4), SOLWs were observed in
both p-p and p-s polarizations, as out-of-phase shear horizontal vibrations which
are perpendicular to the wave propagation direction.
As shown in Figure 5.5, nearly dispersionless branches were observed in the
high-wavevector range, namely in the third and fourth BZs. This is attributed to
the acoustic isolation of the Py film, by the soft BARC layer from the hard Si
substrate. This assertion is supported by simulations of similar antidot-patterned
samples with [Figure 5.6 (a)] and without [Figure 5.6 (e)] the BARC layer, where a
scale factor η is introduced for the elastic modulus of Si, namely C11 = 166η GPa,
C12 = 64η GPa, and C44 = 80η GPa.
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Figure 5.6: (a, e) Schematics of the computational unit cells (a) with and (e) without
the soft intervening layer. (b-d) The corresponding phononic dispersion relations
along Γ-X in the reduced-zone scheme for samples with BARC layer. (f-h) Those
for samples without BARC layer. The longitudinal-dominated, shear-horizontal-
dominated and shear-vertical-dominated modes are denoted by red, green and blue
dots respectively.
56
5.5 Experimental and calculated dispersion relations of the 320nm crystal
In the samples with the BARC layer, most of the modes are just slightly shifted
up [Figure 5.6 (b-d)], when η increases from 0.5 to 2. However, in the samples
without the BARC layer, the mode frequencies are approximately proportional to
√
η , , as shown in Figures 5.6 (f-h). In other words, the phonon branches are more
dispersive and sensitive to the elastic properties of the substrate when the BARC
layer is removed. Comparisons between the calculated phonon band structures
display an acoustically isolating feature arising from the presence of the intervening
acoustically soft BARC layer, which diminishes the influence of the bottom hard
Si substrate. Such an acoustically isolating feature would facilitate the integration
of the phononic film on a hard substrate with different elastic properties, while
preserving the film’s phonon dispersion features, in surface acoustic wave (SAW)
devices.
5.5 Experimental and calculated dispersion relations
of the 320nm crystal
The 320nm crystal was also experimentally and theoretically investigated. Its SEM
image is shown in Figure 5.7. The calculated SAW band structure of surface
phonons along the Γ-X-M-Γ directions, is illustrated in Figure 5.8 (a). Compared
with that of the 210nm crystal (Figure 5.4), this band structure features larger gap
openings at the BZ boundaries (X and M points), as a result of enhanced Bragg
reflections induced by the larger holes.
The extended-zone schemes of shear-vertical-dominated modes along Γ-X and
Γ-M are presented in Figures 5.8 (b-e), together with the SAW dispersions mea-
sured by BLS. As similar conclusions can be drawn from the results, consistent
with the conclusions obtained in Section 5.4, we will not repeat them here.
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Figure 5.7: SEM images of the antidot-patterned sample with lattice constant a =
450 nm, dot diameter d = 320 nm.
5.6 Qualitative explanation of the origin of SOLWs
A qualitative explanation is now presented to elucidate the physical origin of SOLWs
in a Py film patterned with a 2D periodic square lattice array of antidots. For
the square array with lattice spacing a, the eigenfrequency of a mode of a given
wavevector along the Γ-X direction was calculated by applying the Bloch-Floquet
theorem u⃗(x,y) = u⃗(x+a,y)exp(−ikxa). Any mode whose wavevector k⃗′= (k′x,k′y)
satisfies (k′x,k′y) = (kx,0)+ G⃗ (where G⃗[= (±m2π/a,±n2π/a)] is a reciprocal lat-
tice vector and, m and n are integers), is also a Bloch-Floquet mode, and thus an
eigensolution with the same wavevector kx. As shown in Figure 5.9 (a), modes
(cyan dots) of wavevector k⃗′ = k⃗+ G⃗, are folded to the small position k⃗ in the first
BZ, when the reduced-zone scheme is used.
n = 0 corresponds to the (k′x,0) mode, for which the displacement profile is in-
phase along the shear-horizontal direction (y direction). Such a mode is what we
referred to a surface acoustic-like wave in our earlier study (Chapter 4). As shown
in Figure 5.9 (b), n ̸= 0 corresponds to a doubly degenerate mode (two intensity
peaks at (k′x,k′y) and (k′x,−k′y) in reciprocal space). We illustrate the situation using
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Figure 5.8: (a) Calculated band structure of surface phonons on the 320nm
phononic structure. The longitudinal-dominated, shear-horizontal-dominated and
shear-vertical-dominated branches are shown as red, green and blue curves re-
spectively. (b-e) Experimental and calculated phononic dispersion relations of the
320nm PhC across various Brillouin zones. Measured p-p and p-s polarization
data are denoted by respective red and green dots, while calculated shear-vertical-
dominated SALWs and SOLWs by respective solid and dashed lines. Measured
Bragg gaps are indicated by pink bands.
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Figure 5.9: (a) Schematic of the reciprocal space of the square lattice. The recip-
rocal lattice is denoted by orange dots. k⃗ is located in the first BZ (dashed box).
Positions of wavevector k⃗′ = k⃗+ G⃗ is denoted by cyan dots. (b) Schematic diagram
of a SOLW propagating along Γ-X in reciprocal space. The red arrows represent
two modes propagating along (k′x,±n2π/a), while the blue one their superposition
mode (a SOLW) propagating along the Γ-X direction. (c) Top-view of simulated
shear-vertical displacement profiles, whose amplitudes are color-coded according
to the scale bar of Figure 5.5, based on simulations and the simple plane wave
model. Profiles in the middle panel represent the superposition mode of those in
the top and bottom panels. White arrows indicate mode propagation directions.
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with respective wavevectors (k′x,k′y) and (k′x,−k′y).





exp [i(k′xx−ωt)] indicates that the mode propagates along the Γ-X direction with
the same frequency ω as the SALWs of wavevector (k′x,±k′y), i.e. ωSOLW(k′x,0) =




modulates the displacement field in the
y direction, giving it an out-of-phase character, as shown in Figure 5.9 (c). Hence,
the superposition mode is labeled a SOLW.
By applying a discrete Fourier transform to the numerical-calculated displace-
ment fields, modes satisfying the boundary condition u⃗(x,y)= u⃗(x+a,y)exp(−ikxa)
in real space will be mapped onto reciprocal space, where their corresponding in-
tensity peaks appear with coordinates (k′x,k′y) = (kx +m2π/a,n2π/a). Based on
their coordinates in reciprocal space, modes are "unfolded" into their respective
BZs according to their m values, and are identified as either SOLWs or SALWs,
depending on whether n ̸= 0 or n = 0 respectively.
Similarly, along the Γ-M direction, the calculated modes, with their correspond-
ing intensity peaks at (k′x,k′y) = (k0,k0)+ G⃗ = (kx+m2π/a,kx+n2π/a), are iden-
tified as either SOLWs or SALWs, depending on whether m ̸= n or m = n respec-
tively, as shown in Figure 5.10.
We now derive a semi-quantitative relation between the frequencies of SALW
and SOLW to lend support to the above analysis. The SALW dispersion relation
can be expressed as ωSALW(kx,ky) = ω(kx,ky). Along the Γ-X direction, based
on the above discussion, the SALW dispersion relation is ωSALW(kx,0) = ω(kx,0),
while that for SOLW is estimated as:
ωSOLW(kx,0) = ω(kx,n2π/a). (5.1)
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Figure 5.10: Schematic diagram of SOLWs and SALWs propagating along Γ-
M in reciprocal space. The red arrows represent two modes propagating along
(kx ∓ 2π/a,kx ± 2π/a), while the blue one their superposition mode (a SOLW)
propagating along the Γ-M direction. The reciprocal lattice is denoted by orange
dots. Positions of wavevector k⃗′ = (kx,kx)+ G⃗ is denoted by cyan dots.
Figure 5.11: (a) Simulated SALW and SOLW dispersions. They are denoted by
respective blue solid and dashed lines. The polynomial fit to the simulated SALW
is denoted by the red dotted line. (b) The fitted [as in Figure 5.11 (a)] and calculated
dispersions of SALW along the Γ (kx,2π/a) direction. The latter (green solid line)
is calculated from the simulated SOLW [Figure 5.11 (a)] using Equation 5.2.
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If the sample is approximately isotropic for surface phonon propagation [e.g. a














Based on the simulated dispersion relations of SOLWs along Γ-X, those of
SALWs along the same direction can be approximately estimated from Equation
5.2, and vice versa. However, for our sample (antidot diameter of 210 nm) the
SALW dispersion, along Γ-X, exhibits more gaps than that of the SOLW [Figures
5.5 (a), (c)], which is not consistent with the isotropic assumption in the deriva-
tion of Equation 5.2. So a polynomial fit to the simulated SALW dispersion data
was done to obtain a gap-less dispersion relation, which approximates that of an
isotropic medium [Figure 5.11 (a)]. Using Equation 5.2 and based on the simulated
SOLW dispersion relations, we calculated the frequencies of SALWs propagating
along the Γ (kx,2π/a) direction. Figure 5.11 (b) shows that the polynomial fit
to the SALW accords well with the SALW dispersion calculated from Equation
5.2. Furthermore, for a similar array of antidots with a diameter of 100 nm, an
agreement between the simulated SALW dispersion and that calculated from Equa-
tion 5.2, is generally good, without using any fitting procedure. Our calculations
show that such an agreement also holds for the chessboard-patterned PhC studied
in Chapter 4. The sample is essentially isotropic because of the low elastic contrast
between Py and cobalt, and the amorphicity of the SiO2 layer. These results lend
support to the validity of our model and, in particular, the correctness of Equation
5.2.
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Figure 5.12: Simulated SALW and SOLW dispersions of rectangular-lattice (a×b)
arrays of antidots on a BARC/Si substrate, with a = 450 nm and b = 300, 350,
450, 600, and 900 nm. Inset: Top view of the computational unit cell. The mode
propagation directions are parallel to the side a.
5.7 Dispersion relations in a rectangular lattice
The above explanation in Section 5.6 shows that the SOLW frequencies depend
on the lattice constant in the y direction. It would be of interest to see how the
dispersions of the two types of waves are modified when the patterned square array,
of lattice constant a, is replaced with a rectangular one of lattice constants a and
b. To this end, finite element simulations of the dispersions of w-dominated modes
were performed for rectangular-lattice arrays with a fixed at 450 nm, and b = 300,
350, 450, 600, and 900 nm.
The results are presented in Figure 5.12 which reveals that as b (lattice constant
in the y direction) increases, the SOLW frequencies are red shifted, which is con-
sistent with the relation ωSOLW(k′x,0) =ωSALW(k′x,±n2π/b). It is noteworthy that,
in contrast, Figure 5.12 also shows that the SALW frequencies are relatively inde-
pendent of b. This feature would be of use in the design of SAW devices based on





In summary, the feature-rich phonon band structures of a 2D antidot-patterned Py
film on a BARC/Si substrate have been studied by Brillouin spectroscopy and finite
element analysis. Besides gap openings at the Brillouin zone boundaries, the band
structure displays, in the large wavevector range, nearly dispersionless branches
due to the presence of the intervening acoustically soft BARC layer. Such an
acoustically isolating feature could facilitate the integration of the phononic film on
a hard substrate, while preserving the film’s phonon dispersion features in surface
acoustic wave (SAW) devices. The finite element simulations carried out generally
reproduced the experimental dispersion relations. We have provided a qualitative
explanation of the origin of the SOLWs and their observed polarizations, by map-
ping their calculated mode displacement fields onto reciprocal space. Additionally,
our explanation reveals that the SOLWs can be frequency shifted, almost indepen-
dently of the SALW frequencies, by varying the lattice constants of the patterned
antidot array. This tunability feature could have potential applications in the cus-








It is well known that by destroying the perfect periodicity of crystals, defects in-
troduced into them are able to drastically enhance or modify their properties. For
instance, the doping of impurity atoms into semiconductors can alter their band
structures by generating isolated impurity states lying within the bandgap, thus
greatly enhancing their electrical conductivity. Much work has been done on the
tailoring of the properties of metamaterial crystals via the introduction of structural
or compositional defects. They include the engineering of photonic bandgap struc-
tures via defects, enabling applications such as optical modulation and switching,
as well as the enhancement of light emission [55, 93, 94]. Formed from isolated
defects, photonic cavities can be employed to modify the light emission in pho-
tonic crystals [95]. Also, because of their ability to localize and guide photons in
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photonic crystals, defect arrays have been employed in photonic waveguides and
diplexers.
There is a rapidly growing interest in defect phononic crystals (PhCs) [28, 41–
46, 48–51], the elastic analogue of photonic crystals. This is due mainly to their
interesting defect-induced phenomena and wide potential applications in devices
such as perfect mirrors and high-Q filters [41–43]. Previous reports on defect PhCs
have mostly focused on bulk acoustic waves [46, 51, 55] or Lamb waves [48, 49].
For instance, in the case of bulk waves, Schneider et al. [50] mapped the phonon
dispersion relations of bulk waves in one-dimensional (1D) hybrid superlattices
with inserted polymethyl methacrylate (PMMA) layers as defects. Also, Pennec et
al. [45] demonstrated the multiplexing and demultiplexing capabilities of waveg-
uides composed of defect cylinders in 2D bulk-wave PhCs. Oudich et al. [48]
theoretically demonstrated the waveguiding of Lamb modes in 2D arrays of cylin-
drical rubber stubs, with missing stubs serving as defects.
Surface acoustic wave (SAW) PhCs have advantages over PhCs based on bulk
waves due to their smaller size, and suitability for integration in electronic in-
tegrated circuits, e.g., for acoustical signal processing using planar technology
[4, 13]. However, while theoretical studies on defect SAW PhCs have been un-
dertaken [9, 30, 56], few experimental works have been done on these materials. It
would be of interest and importance to investigate the defect-induced properties in
SAW PhCs. In analogy to defect photonic, it is expected that the study of nanos-
tructured defect PhCs could lead to new physics and functionalities for applications
in, e.g., radio-frequency processing and communications [4].
In this chapter, we report on a Brillouin light scattering (BLS) investigation
into the dispersion relations of SAWs on nanostructured PhCs, in the form of linear
arrays of alternating gold stripes and air gaps on SiO2/Si substrates with periodic
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defects. Additionally, the dependence of the frequencies of the SAWs on the de-
fect stripe width was investigated. Finite element simulations of the phonon band
structures and mode displacement profiles were also performed.
6.2 Sample fabrication and BLS measurements
The PhCs studied in this chapter are otherwise 35 nm-thick linear periodic arrays
of alternating 230 nm-wide gold nanostripes and 270 nm-wide air gaps, atop a 100
nm-SiO2/Si(001) substrate, with defects in the form of gold stripes of widths other
than 230 nm. Each defect PhC contains one defect periodically located in every
10 periods. All samples have a surface area of 150 × 150 µm2, and a fixed lattice
constant a = 500 nm.
Five samples were fabricated, namely, a perfect PhC and four defect PhCs with
respective defect gold widths ddefect = 280, 330, 380, and 440 nm [see Figure 6.1].
In the fabrication procedure, a 350nm-thick PMMA resist was first spin-coated
onto the substrates. Then, the resist was baked at 180 °C for 2 minutes. The
designed patterns were then generated using electron-beam lithography, with ac-
celeration voltage of 100 kV, and beam current of 200 pA at a dose of 960 µC/cm2.
The exposed samples were developed in MIBK (Methyl isobutyl ketone):IPA (iso-
propyl alcohol) (1:3) for 70 s and rinsed in IPA for 20 s. Finally, 35 nm of gold
was deposited by electron-beam evaporation on the samples, followed by a lift-off
process.
Scanning electron microscope (SEM) images of the perfect PhC, and the defect
PhC, with a defect stripe width ddefect = 380 nm and a supercell period ad = 5000
nm, are shown in Figure 6.2. The defect PhC with ddefect = 380 nm will hereafter
be referred to as the 380nm-defect PhC.
As shown in Figure 6.3, BLS measurements were performed in the 180◦-backscattering
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Figure 6.1: (a) Schematic cross-section of one unit cell of the PhCs. (b) Specifica-
tions of Au defect stripe widths in the PhCs.
Figure 6.2: (a) SEM image, and (b) perspective view of the perfect phononic crys-
tal. (c) SEM image, and (d) perspective view of the 380nm-defect phononic crys-
tal. In the SEM images, the lighter regions are the gold stripes, while the darker




Figure 6.3: Schematic of BLS 180◦-backscattering geometry. The wavevectors of
the incident photon, scattered photon, and the phonon are labeled as ki, ks and q,
respectively. θ is the light incidence angle of the incident light.
Table 6.1: Elastic parameters used in the simulations.
geometry using λ = 514.5 nm laser radiation, with the phonon wavevector q being
perpendicular to the long axis of the stripes. The scattered light was analyzed with
a six-pass tandem Fabry–Pérot interferometer equipped with a silicon avalanche
diode detector. By varying the laser incidence angle θ [= sin−1(qλ/4π)], the
dispersion relations of the samples were mapped in the first and second Brillouin
zones (BZs).
6.3 Theoretical calculations
Dispersion relations and mode displacement profiles were numerically simulated
using the finite element method in COMSOL Multiphysics, by solving Equation
2.20. Block-Floquet periodic boundary conditions were applied along the vertical
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boundaries of the computational cells:
u⃗(⃗r′) = u⃗(⃗r)exp
[
i⃗q · (⃗r′− r⃗)] (6.1)
where u⃗ is the displacement vector, r⃗′ and r⃗ are the position vectors and q⃗ is the
phonon wavevector.
Simulations of the band structures of the perfect and defect samples were based
on the respective perfect unit cell (period a = 500 nm), and the supercell (period
ad = 5000 nm) comprising nine perfect unit cells (normal cells) plus a defect cell.
As shown in Figure 6.1, the 500 nm-wide perfect cell comprises a 35 nm-thick, 230
nm-wide gold stripe, and a 100 nm-thick SiO2 layer atop a 2 µm-thick Si substrate,
with its bottom boundary fixed.
For the defect cell, a 380 nm-wide gold stripe replaces the 230 nm-wide one.
As shown in Table 6.1, parameters used in the simulations for gold, SiO2 and Si
were Young’s moduli = 81, 73, and 169 GPa, Poisson ratios = 0.42, 0.17, and 0.064,
and mass densities = 19300, 2200, and 2330 kg/m3, respectively [58, 96, 97].
6.4 Results of the perfect and 380nm-defect PhCs
6.4.1 Experimental results
Figure 6.4 shows the recorded Brillouin spectra of the perfect and 380nm-defect
PhCs around the first BZ boundary. The spectral features of the two samples are
very similar, except for additional peaks at 4.4 GHz for the latter PhC, which are
attributed to defects. To obtain the mode frequencies, the spectra were fitted with
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Figure 6.4: Brillouin spectra of the 380nm-defect PhC (red curves) and the perfect
(blue curves) PhCs, recorded at q = 4.2, 6.1, 7.5 and 9.1 µm−1. The locations of
defect peaks are indicated by arrows.
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Lorentzian functions (also known as the Cauchy distribution function):







where I( f ) is the intensity at frequency f , f0 is the peak center frequency, b0 is
a parameter quantifying the peak amplitude, and b1 is a parameter describing the
peak width. Two fitted Brillouin spectra, those of the perfect and the 380nm-defect
PhCs, recorded at wavevector q = 0.97π/a near the first BZ boundary (q = π/a),
are displayed in Figure 6.5.
Except for an additional defect peak at 4.4 GHz for the 380nm-defect PhC,
these two spectra have similar features. More specifically, three peaks centered at
2.9, 3.5 and 5.2 GHz have almost the same relative intensities and peak widths in
these samples.
The phonon mode frequencies, obtained by fitting the Brillouin scattering spec-
tra, were plotted against the wavevectors (q = 4π sinθλ ), to yield the phononic band
structures. The resulting band structures of the perfect and the 380nm-defect PhCs
are presented in Figures 6.6 (a) and (b). The principal features of the measured
dispersion relations of the former are three dispersive branches, labeled α , β and
γ , and a 1.4 GHz bandgap centered at about 4.2 GHz. For the latter PhC, the promi-
nent features are the three branches labeled α ′, β ′ and γ ′, corresponding to those of
the perfect PhC, and an additional dispersionless branch arising from the presence
of defects.
6.4.2 Simulation results and comparisons with experimental ones
The resulting dispersion relations of SAWs are represented in Figure 6.6 by gray
circles, whose sizes indicate BLS intensities which were estimated from the squared
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Figure 6.5: Brillouin spectra of (a) the perfect PhC and (b) the 380nm-defect PhC,
recorded at wavevector q= 6.1 µm−1 near the first BZ boundary (q= 6.28 µm−1).
The spectra were fitted with Lorentzian functions (blue dotted curves) and back-
ground (black dotted curves), and the resultant fitted spectra are shown as red solid
curves. The defect mode peak is shown shaded in blue.
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Figure 6.6: (a) Phononic band structure of the perfect PhC. (b) Unfolded and
(c) folded band structures of the 380nm-defect PhC. Measured and calculated
phonons are denoted by respective colored (red: extended branches; green: de-
fect modes) and gray circles, whose sizes represent measurement errors and BLS
intensities, respectively. The red and blue dashed lines represent the respec-
tive simulated Rayleigh wave (RW) and Sezawa wave (SzW) dispersions for a
Au(16.1nm)/SiO2(100nm)/Si film. The vertical dotted lines mark the first BZ
boundary at q = π/a (a = 500 nm), and the calculated bandgap of the perfect PhC
is indicated by a blue band. The inset shows an enlarged portion of the β ′ branch
revealing the tiny bandgaps, due to defects.
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norm of the corresponding Fourier coefficients [98].
To calculate the phonon dispersions in the defect PhC, we applied the supercell
technique, which is commonly used to investigate the modulation of introduced
impurities or lattice defects on the original periodicity of an electronic system [99–
104]. Because the first BZ size of the supercell (0.1π/a ) is much smaller than that
of the perfect cell (π/a ), bands of the supercell are folded into the reduced BZ.
As shown in Figure 6.6 (c), the resulting supercell band structure contains closely
distributed bands and does not resemble the single cell band structure and the cor-
responding experimental results, although it can provide a crude visualization of
the density of states.
As seen from Figure 6.6 (b), an “unfolding” procedure is required to unravel
the PhC Bloch character hidden in supercell eigenstates, and to obtain a primitive
cell representation of the band structures [101]. The general procedure for unfold-
ing is to plot all the eigen frequencies of the supercell into the wider BZ of the
primitive (perfect) cell with proper weights. Here, the weights wq+G are obtained
by performing a discrete Fourier transform on the displacement fields u⃗(x,y) of the
supercell:
wq+G =
∣∣∣∣∫∫ u⃗(x,y)exp [i(q+G)x]dxdy∣∣∣∣ , (6.3)
where G (= n2πad , n is an integer) is the reciprocal lattice vector of the superlat-
tice. The resulting “unfolded” band structure is illustrated in Figure 6.6 (b), which
enables a direct comparison of the calculated and experimental dispersion curves.
In comparison, the simulations well reproduce the experimental band struc-
tures, including the bandgap lying between the second and the third branches, de-
noted by β and γ respectively, of the perfect PhC. It is to be noted that parameter
values used in the simulations (see above) were not obtained from a fit to the mea-
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Figure 6.7: Mode displacement profiles, calculated at q = π/a, of SAWs of (a)
extended branches (α , β and γ) of perfect PhC, (b) extended branches (α ′, β ′ and
γ ′) of 380nm-defect PhC, and (c) defect branches, from low (top panel) to high
(bottom panel) frequencies, of 380nm-defect PhC. The displacement amplitudes
are color coded and the locations of the defect stripes are indicated by arrows.
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sured band structures, but rather from the literature.
Calculations also unveil additional narrow bandgaps within the extended branches,
which are too narrow to be experimentally resolved, as shown in the inset of Figure
6.6 (b) showing a portion of the β ′ branch. These gaps occurring at the BZs of
the supercell (q= nπad ), are a consequence of weak translational symmetry breaking
[105] induced by defects. Because of the low defect concentration present, the fre-
quencies [Figure 6.6 (b)] and the relative BLS intensities (Figures 6.4 and 6.5) of
the extended branches (α ′, β ′ and γ ′) of the defect PhC are almost unchanged from
those of the corresponding ones (α , β and γ) of the perfect PhC.
The most prominent difference is the appearance of an extra band, consisting
of a few nearly dispersionless branches lying between 4.2 and 4.5 GHz, within the
bandgap shaded blue in the Figure 6.6 (b). These branches, which are ascribed
to defects, are too close in frequency to be spectrally resolved, and were hence
observed as a single Brillouin peak. As the defect modes are nearly dispersionless,
they are localized in the vicinity of the defect stripes with group velocities close to
zero, a feature which is consistent with their simulated mode displacement profiles
[Figure 6.7 (c)]. This localization property allows, e.g., the use of defect PhCs
for enhancing photon-phonon or magnon-phonon coupling when integrated with
a photonic or magnonic crystal, and would have potential applications in dual-
excitation acoustic-optical (phoxonic) or acoustic-magnetic (magphonic) devices
[52, 106, 107]. A comparison of Figures 6.7 (a) and 6.7 (b) shows that the mode
displacement amplitudes, at q= π/a of the extended branches in the regions around
the defects, are reduced by the presence of defects.
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Figure 6.8: Phononic band structures of the unit cell shown in the inset of (b), with
h1 ranging from 16.1 to 31.3 nm [from (a) to (e)]. The vertical dotted lines mark
the first BZ boundary at q = π/a (a = 500 nm). The insets of (a) show the mode
profiles of the two branches, namely the Rayleigh mode (top) and the Sezawa mode
(bottom).
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6.4.3 Origin of the bandgap
To identify the phonon branches and the origin of the bandgap in the perfect crys-
tal, the dispersion relations of a batch of structures were calculated, based on the
computational unit cell illustrated in the inset of Figure 6.8 (b). With the thickness
of the original Au stripe [see Figure 6.1 (a)] reduced to h1, the air gap was filled




to keep the total mass load of Au on the SiO2/Si substrate a constant. In the perfect
crystal case, Au stripe width d = 230 nm, and lattice constant a = 500 nm. h1 was
varied in the range from 16.1 nm to 35 nm: the lower bound (16.1 nm) corresponds
to a non-patterned system where an effective homogeneous Au film of thickness
16.1 nm (= 35×230/500 nm) is coated on the SiO2/Si substrate; the upper bound (35
nm) corresponds to the original perfect crystal. The resulting dispersion relations
of structures with h1 = 16.1, 18.0, 19.9, 23.7, 27.5 and 31.3 nm are displayed in
Figure 6.8.
When h1 = h2 = 16.1 nm, the dispersion relations feature two branches, namely
one Rayleigh-like wave (RW) and one Sezawa-like wave (SzW), which are iden-
tified based on their profiles shown in the insets of Figure 6.8 (a). When h1 is
slightly different from h2, zone-folded branches arise due to the periodicity induced
by the height difference. As displayed in Figure 6.8 (b), a small bandgap comes
out around 4.3 GHz where the original and zone-folded branches are expected to
cross with each other. Meanwhile, a gap opening, due to Bragg reflection at the
BZ boundary [22], also appears at around 3.5 GHz at q = π/a. Consequently, this
bandgap is categorized as a hybridization gap, the origin of which is attributed to
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the hybridization and avoided crossing of the original and zone-folded SzWs and
RWs. As the difference between h1 and h2 increases, the band structures approach
those of the 380nm-defect PhC, with the bandgap expanding. It is noteworthy that
the same increasing trend was also observed for the Bragg gap opening. Therefore,
the spacing between extended branches α , and β , results from the enlarged gap
opening.
RW and SzW, which were calculated by setting h1 = h2 = 16.1 nm, were also
plotted as dashed lines together with the dispersions of the perfect PhC in Figure 6.6
(a). As the figure shows at low wavevectors, the first (denoted by α) and the second
(denoted by β ) branches follow, respectively, the calculated Rayleigh and Sezawa
dispersion curves, but they gradually bend away from them as the wavevector ap-
proaches that of the first BZ boundary, q = π/a, due to the periodic modulation
of gold stripes. No branch exists within the bandgap [Figure 6.6 (a)], where the
zone-folded RW is expected to cross the SzW.
In conclusion, based on the above calculations and analyses, the origin of the
bandgap is attributed to the avoided crossing of the zone-folded RW and SzW.
6.5 Dependence of phonon frequencies on defect stripe
width
In the above study, The frequency dependence of the defect band on the defect gold
stripe width was also experimentally and theoretically investigated.
By fitting the BLS spectra of the five samples listed in Figure 6.1 (b), the cor-
responding phonon mode frequencies were obtained and then plotted against the
defect strip widths (ddefect), to yield the relations between phonon frequencies and
ddefect, shown as colored dots in Figure 6.9.
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Figure 6.9: Dependence of phonon frequencies on defect stripe width. The dots
(green: defect modes; red: extended branches) and the green-shaded band rep-
resent the respective measured and calculated modes frequencies at the first BZ
boundary q = π/a. The red dashed lines denote the calculated dependence of ex-
tended branches.
Meanwhile, simulations were also performed on a serial of supercells with var-
ious ddefect and the calculated band structures are illustrated in Figure 6.10. As
the defect width increases, the defect bands, shaded in yellow, are red-shifted and
split into two nearly-horizontal branches. It is noteworthy that, apart from the de-
fect bands lying within the bandgap (around 4.3 GHz), the band structure with
ddefect = 430 nm [Figure 6.10] reveal additional defect-induced modes at 5.2 GHz.
As shown in Figure 6.9, the simulations agree well with the experimental re-
sults. The frequencies of the defect modes decrease with increasing defect stripe
width, consistent with the localization features of the defect modes, i.e., when the
defect stripe width increases with an attendant increase in its mass, the local reso-
nance mechanism of confinement [30, 108] causes a lowering of the frequencies.
Such a tunability permits tailoring of the acoustic properties of surface wave\-
guides, e.g., for achieving high-Q SAW filters. Figure 6.10 also reveals that the
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Figure 6.10: Calculated band structures of supercells with different defect stripe
widths. The vertical dotted lines mark the first BZ boundary (q = π/a) of the
single unit cell, and the defect modes are shaded in yellow.
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wider the defect stripe width, the broader the defect band width, a property that
could facilitate the control and manipulation of SAWs in phononic crystals.
6.6 Discussions
For a phononic crystal made of periodic stripes with rectangular cross-sections on
a substrate, the SAW band structures can be tuned by varying the geometries (for
instance, the lattice constant, stripe thickness, and stripe width) or material prop-
erties (e.g. elastic parameters) of the stripe and substrate. We have already experi-
mentally and theoretically studied the dependence of phonon frequencies on defect
stripe width. In the following sections, other dependences of phonon dispersions
on the geometries of defect unit cells will be investigated by simulations.
6.6.1 Dependence of phonon dispersions on position of defect
stripe
As described in Section 6.2, in the above studied defect crystals, the Au stripes
are arranged with their left edges aligned with the left boundaries of the unit cells,
and the separation between a defect stripe and its neighboring normal stripes are
distinct; i.e. the mirror symmetry is broken, which would exist in a supercell whose
stripes are located exactly in the center of unit cells. One may wonder whether this
symmetry breaking could affect the band structure. Next, we will investigate this
effect by shifting the defect stripe in the supercell.
The schematic of the PhC showing location of defect stripe in the supercell,
is illustrated in Figure 6.11 (a), where dshift is defined as the displacement of the
defect stripe center (red dashed line) from the unit cell center (green dashed line).
The corresponding phononic dispersions of the supercells were calculated for dshift
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Figure 6.11: (a) Schematic of the defect cell geometry in a supercell. The centers
of the unit cells and Au stripe are indicated by respective green and red dashed
lines. (b-e) Calculated band structures of the supercells shown in (a), with dshift= 0,
75, 100, and 125 nm. The defect modes are shaded in yellow. The vertical dotted
lines mark the first BZ boundary (q = π/a) of the normal unit cell.
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ranging from zero to 125 nm, and plotted in Figures 6.11 (b-e). The results reveal
that the effects of the symmetry breaking are insignificant for dshift ≤ 100 nm.
When dshift > 100 nm, there is an obvious change, namely a split of the defect
modes [indicated by a red arrow in Figure 6.11 (e)] around 4.4 GHz when dshift =
125 nm. So, the broken mirror symmetry does not significantly modify the band
structures of the 380nm-defect PhC (dshift = 75 nm). The splitting of the defect
modes cannot be resolved by BLS.
6.6.2 Dependence of phonon dispersions on geometry of defect
cell
6.6.2.1 Defect cell with fixed stripe width
The mode profiles displayed in Figure 6.7 (b) revealed the isolation effect of defect
stripes on the extended modes, i.e. the displacement fields are reduced around the
defect cell region. By widening the gap between the defect and normal Au stripes
while keeping the stripe sizes (widths and heights) the same, the gap region where
the SiO2/Si substrate is exposed, serves as a delay line, and is supposed to further
enhance the Bragg reflection of the extend modes around the defect region, and to
isolate the defect stripe from the normal stripes. So, it is of interest to study the
effect of larger spacing on the SAW band structures.
Here, a larger spacing is achieved by increasing the width of the defect unit
cell (adefect), as shown in Figure 6.12 (a). All stripes are centered within their re-
spective unit cells, and the defect stripe width ddefect is kept constant at 380 nm.
The simulated dispersions are displayed in Figures 6.12 (b-e), which reveal that
the sizes of gap openings (indicated by arrows) in the extended branches (β ′) in-
crease with adefect, as a result of enhanced Bragg reflections at the BZ boundaries
of supercells. When adefect = 800 nm, three complete bandgaps formed by the en-
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Figure 6.12: (a) Schematic of the defect cell geometry in a supercell. The centers
of the unit cell are indicated by green dashed lines. (b-e) Calculated band structures
of the supercells shown in (a), with adefect= 500, 600, 700 and 800 nm, respectively.
The defect modes are shaded in yellow. The vertical dotted lines mark the first BZ
boundary (q = π/a) of the normal unit cell.
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6.6 Discussions
larged gap openings are clearly shown. Concurrently, zone-folder branches occur
within the gap between branches α ′ and β ′ around 3 GHz, and the defect modes
are slightly red-shifted and become disordered compared with those in the supercell
with adefect = 500 nm.
In summary, changing the defect unit cell size provides a method to manipulate
the gap opening in extended branches. Combined with other geometry manipula-
tions, such as changing the thickness or width of defect stripes, it could be applied
to band-pass or single-frequency filters and other devices required fine control of
SAWs.
6.6.2.2 Defect cell with fixed stripe spacing
In the above section, we have demonstrated the effect of enlarged stripe spacing.
Here we will employ a similar geometry but with a fixed stripe spacing rather than
fixed stripe width, as shown in Figure 6.13 (a). The calculated band structures are
illustrated in Figures 6.13 (b-g).
As the crystal with adefect = 500 nm produced the exact same phononic disper-
sion with that of the perfect crystal studied in Section 6.4, adefect = 500 is chosen
as a reference point of comparison. When adefect increases from 500 nm to 950
nm, a defect band δ2, originating from the extended branch γ , moves downward
through the bandgap around 4GHz, and then merges into the extended branch β
around 3.5 GHz when adefect > 850 nm. A similar defect band δ3, appearing when
adefect > 750 nm, follows the same trend. On the other hand, when adefect reduces
from 500 nm to 400 nm, a horizontal defect band, labeled as δ1, splits from the
extended branch β and rises upward into the bandgap. Compared with other defect
modes, this band features a flat and continuous appearance, which may make it
more suitable for applications requiring single frequency.
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Figure 6.13: (a) Schematic of the defect cell geometry in the supercells. The cen-
ters of the unit cell are indicated by green dashed lines. (b-g) Calculated band
structures of the supercells shown in (a), with adefect= 400, 450, 600, 750, 850 and
950 nm, respectively. The defect modes are shaded in yellow. Three defect bands
are labeled as δ1, δ2, and δ3. The vertical dotted lines mark the first BZ boundary
(q = π/a) of the normal unit cell.
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6.7 Summary
These results imply that the defect modes originate from downward or upward
shifted extended modes, due to the geometry modulation. Actually, to obtain the
suitable defect stripe width ddefect, we calculated the band structures of a series of
crystals composed of only one unit cell with different ddefect, instead of supercells
of ten unit cells, which are much slower due to their higher degree of freedom.
Frequencies of defect modes estimated by taking those of the third extended modes
(γ), agree well with the calculated results using the supercell technique. Therefore,
this lends support to the conclusion regarding the origin of defect modes.
In summary, besides varying the defect stripe width, defect modes can also be
engineered by changing the defect unit cell size.
6.7 Summary
In summary, the band structures of surface acoustic waves and the dependence of
their frequencies on defect size in nanostructured phononic crystals with defects
have been investigated by Brillouin light scattering and finite element simulations.
The introduction of defects preserves the general features of the extended branches
of the perfect crystal, and generates additional dispersionless branches within the
bandgap. Calculations, which well reproduced the experimental results, also reveal
narrow defect-induced bandgaps which are a consequence of translational symme-
try breaking. By varying the geometry of the computational model, the origins of
bandgap and defect modes were also theoretically investigated, as well as other
ways to introduce defect modes. Furthermore, the center frequency and width of
the band of defect branches were observed to be tunable by varying the defect stripe






In this thesis, by employing Brillouin light scattering, the acoustic dynamics of a
two-dimensional (2D) chessboard-patterned phononic crystal, 2D antidot-patterned
phononic crystals with a soft intervening layer, and 1D phononic crystals with peri-
odic defects were investigated. Finite element analysis modeling of the dispersion
relations and the corresponding displacement profiles have also been performed.
In Chapter 5, the dispersion relations of surface acoustic-like and optical-like
waves were obtained in the two-dimensional chessboard phononic crystal, along
the high-symmetrical Γ-X and Γ-M directions. Compared with one dimensional
phononic crystals [106, 109], the measured phononic dispersions exhibit richer fea-
tures, such as partial hybridization bandgaps, unusual surface optical-like phonon
branches, due to higher dimensions introducing additional degrees of freedom.
This study shows the existence of surface acoustic-like waves, whose displace-
ment fields possess out-of-phase characteristics along the perpendicular direction
to the propagation one. Their mode profiles are analogous to those of the optical
mode in a diatomic crystal [110]. As the surface optical-like waves have unusual
features which are significantly different from those of the surface acoustic-like
waves (SOLWs), potential devices based on the former waves, could have wider
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applications in electronic integrated circuits, e.g. for acoustical signal processing,
using planar technology. Although the sample studied consists of two magnetic
materials and therefore exhibits a magnonic band structure, which should be very
similar with the one done by Gubbiotti et al. [76], we did not explore its magnetic
properties, since this is outside the scope of this thesis. Being a 2D magphonic
crystal (magnonic-phononic crystal) [106], which could possess dual phononic and
magnonic bandgaps, this sample could exhibit effects of magnon-phonon interac-
tions, which could be investigated in future.
In Chapter 6, using the finite element method and Brillouin light scattering,
we investigated the phonon band structures of phononic crystals of an acoustically
soft intervening layer sandwiched between a 2D antidot-patterned Py film and a Si
substrate. Several gap openings were observed at the Brillouin zone boundaries.
Also, nearly dispersionless branches, which are attributed to the presence of the
isolating effect of the soft BARC layer, were detected in the 3rd Brillouin zone.
The isolating feature, arising from this soft intervening layer, could be exploited
to retain the phononic properties of the patterned film, when it is integrated with
hard substrates of different elastic properties. Shear-vertical-dominated SOLWs
were observed in both p-p and p-s polarizations. This result is in contrast to those
reported in previous studies [89, 90, 111] which concluded that w-dominated SAW
can only be measured in p-p polarization since they did not consider any symmetry
breaking mechanism. Our calculation generally reproduced not only the disper-
sion relation curves but also the responding BLS polarizations. Furthermore, by
mapping the calculated displacement fields from real space onto reciprocal space,
a qualitative theory was derived to explain the origin of the SOLWs and their po-
larizations. This theory also reveals that when the lattice constant in the y direc-
tion (perpendicular to the direction of propagation) is varied, the frequencies of
94
the SOLWs could be shifted without significantly changing the frequencies of the
SALW frequencies. This feature could facilitate tuning the band structures of a 2D
phononic crystal and could have potential applications in the customizing of the
band structures of such phononic crystals used in RF processing and communica-
tion [4]. This study did not experimentally explore the thickness-dependence of the
soft intervening layer or the substrate-dependence of the band structures. Future re-
search could attempt to investigate a serial of samples with different thickness of
the intervening layer on substrates with different elastic properties. Another possi-
ble avenue of future work could explore a similar phononic crystals with multiple
soft layers, which are analogies of superlattices [112].
In Chapter 7, we presented a BLS measurement of the band structures of nanos-
tructured PhCs with periodic defects. By mapping five samples of different de-
fect widths, the defect frequency dependence on the width was also studied. The
measured band structures and defect-mode frequency agreed well with the simula-
tion results which were calculated using the finite elements method. Furthermore,
calculated mode profiles reveal that the displacement fields of defect modes have
confined features, which could be applied to enhance photon-phonon or magnon-
phonon coupling when this kind of defect structure is integrated in a phoxonic [52]
or a magphonic crystal [107]. One limitation of this study is that the dimension
of the phononic pattern was constrained to 1D, and therefore no waveguide can be
formed. To address this issue, defect-induced 2D surface phononic crystals with
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